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ABSTRACT

The purpose of this research is to explore the application of prototyping in the design process
through a case study analysis using structured interviews, an ethnographic study, and documents
analysis, to determine what factors and practices result in successful prototyping.

In doing so,

research questions are established, a prototyping process is developed to assist the investigation, and
classification systems are created to organize data collected in the study. As part of the case study,
an interview is formulated to answer the proposed research questions and a literature survey of
prototyping in design is used to create a larger analytical foundation. Five interviews are conducted
focusing on engineers and collaborators at Michelin, Jet Propulsion Laboratory, and Clemson
University. Interviewees are chosen to represent all institutions within the primary case and various
levels of involvement within those institutes. The interviews, ethnographic study, and documents
analysis are surveyed, helping define the selection criteria for the literature study. Five literary studies
are then chosen based on the information they convey and to represent a diverse range of design
goals. Two case research tools are developed, as part of the investigation, to extract and organize
qualitative data such that it can be aggregated and analyzed in a cross-case analysis. The first tool
collects data needed to analyze the effect of project factors such as team size, time constraints, and
available facilities on the prototyping process. The second collects data needed to analyze the
relationships between design needs, prototype roles, and discrete prototyping options available to the
designer. The tools are used in the investigation to establish prototype factor relationships and project
factor guidelines by identifying repeating and corroborating patterns, ideas, and concepts in the case
study. These, in turn, help to define successful prototyping practices and factors. Finally, the results
are used to evaluate the research questions, assess the completion of the goals, and investigate the
implications of this research on the design process. It is found that the approach is capable of
developing generalized analytical conclusions which can identify factors and practices affecting
prototyping success by applying them as relationships and guidelines.
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Chapter 1: MOTIVATION

Prototyping, the creation of fit, form, or functional design representations which enable
designers to communicate, test, or validate design ideas, is almost universally employed as a
primary and essential component of the design process [1, 2, 3]. Prototypes can significantly
benefit a design process, but they are often used ineffectively which can lead to adverse
consequences [1, 3, 4, 5, 6, 7, 8]. This occurs because the relationships between specific project
needs and prototyping options available are not clearly understood [4, 5, 6]. This is in part due to
the fact that the interaction with the rest of the design process itself is complex and it is not trivial
to define and delineate those interactions [9, 10, 11, 12]. This means that explicit and well
defined relationships in generalized design applications are not available. Yet, it is possible to
scrutinize the process and draw conclusions in a more specialized way via case studies [13, 14,
15, 16].
This research seeks to determine the most effective relationships between prototyping
options, design needs, roles of prototyping, and project specific factors for mechanical systems
design by analyzing variables such as collaboration, budgets, team size, project constraints,
situational effects, project goals, available expertise, and the technical level of the design project.
Furthermore it develops a process by which to apply those relationships in a systematic
prototyping process which can be more universally applied in a design environment. These
relationships are developed between taxonomic classifications, which serve as a design tool, and
the analysis is conducted following a comprehensive case study using iterative falsification logic
and independent validation methods.

1.1 Benefits and Consequences of Prototyping
Prototyping practices, both non-physical and physical, are applied almost universally to
design and product development in various forms as they contribute to the overall process [4, 5].
Physical and non-physical prototypes have different applications to the process, but in general
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physical prototypes excel at validation while non-physical prototypes are more flexible [5]. These
benefits, for both virtual and physical prototypes to varying degrees, include:

•

Reduced risk of costly, failed iterations [1, 3, 4, 5, 6, 17]

•

Detecting unanticipated phenomena with physical prototypes [3, 5, 7, 17]

•

Expedites other development steps [3, 5, 17]

•

Assists in restructuring task dependencies [5, 18]

•

Allows greater freedom and certainty in allocating resources [1, 4, 6]

•

Acceleration of parallel activities with increased design certainty [4, 17, 18]

•

More flexible product choices [3, 4, 7, 17]

•

Improved analytical techniques [1, 3, 4]

•

Cheap and simple method of communicating a large variety of information [3, 19]

These benefits have the potential to elevate the success of a project, reduce costs, create more
advanced designs, generate more effective solutions, and increase design flexibility. However,
the potential benefits are not always realized and prototyping can result in less successful
outcomes [1, 4, 5, 20]. This is because prototyping is an integral design tool which must be
applied with intent and planning in order to obtain the benefits of its application [5].

When

prototypes are not effectively used as part of the design process negative consequences can
result [1, 3, 4, 5, 7, 8]. Prototypes can be built which have no application, fulfill no relevant or
immediate need, do not supply useful information, cannot be appropriately tested to suit project
needs, or do not address the design goals. These instances can lead to increased costs, lost
development time, restricted design freedom, and loss of flexibility. This is why it is important to
plan prototyping both as part of the process and independently as a project unto itself. However,
even when a plan is followed there are deleterious choices that can be made due to lack of
understanding of the relationships between design needs and the prototyping options available.
Therefore, it is important to understand those relationships so that the benefits of prototyping are
more easily obtainable and the negative consequences mitigated.
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1.2 Maximizing Benefits of Prototyping
In order to maximize the beneficial aspects of prototypes and minimize the potential
drawbacks, attempts have been made to systematize the prototyping process [4, 5, 17]. Several
of these prototyping process sources define two aspects when outlining a prototyping process:
prototyping types and roles [4, 5, 6]. The intent behind defining those aspects is that the designer
can use the roles when defining the purpose and thus be able to better choose the required type
of prototype to ensure it is cost efficient and useful. An indicative example of how the prototyping
process is approached [5] is:

1. Define the purpose
2. Estimate level of fidelity needed
3. Outline experimental plan
4. Procure materials, construct prototype, test artifact
First the needs of the project are determined and the purpose of the prototype is
established. Then the designer determines what fidelity of prototype is needed to fulfill that role
based on their previous experience. Finally, the designer lays out the experimentation to be
carried out with the prototype, designs it accordingly, and begins the process of building it.
However, this method has several shortcomings which limit its usefulness in the design process.
Most notably, the only two factors used to describe the prototypes themselves are roles and
prototype types [1, 4, 5, 6, 17, 21]. So while there is some limited guidance in defining the
purpose, it is not sufficient to say that design needs require prototypes that fulfill a certain role.
Furthermore, there is no tool or method by which to aid the designer in choosing the fidelity or
laying out the experimental plan. Making these distinctions is not a trivial task as it requires
experience on the part of the designer and an understanding of the state of the design problem
[4, 5, 6, 7, 15]. Making a decision error could result in negative prototyping outcome [5, 7].
The assumption that a design team is in a position to make these decisions is flawed
because design is a complex interaction with many difficult to model variables such as
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environmental factors and unanticipated system relations [1, 17, 21, 22]. The design process is
not fully understood and teams are highly variable in their expertise and focus [9, 12]. These
factors coalesce to make it difficult to determine the exact needs during a prototyping process,
even for an experienced designer. Thus the process defined earlier, while applicable to the
process, does not provide the designer with all the tools and classification necessary to make an
informed decision to fully exploit the benefits of prototyping while mitigating the negative effects.
Recognizing these shortcomings, at least one recent attempt has been made at
thoroughly classifying prototypes based on an extensive case study in order to better define its
application in a design environment [23]. This research focused on developing a classification
system for the physical characteristics of prototypes and the project factors behind those
prototypes [23]. If a thorough classification system could be developed which explicitly defined
prototypes and their application in the design process it could be used to better elucidate the
relationships between the project needs, the roles of prototypes, and the prototyping options
available to the design team. Following the process defined earlier [5], this could allow for better
definition of the prototypes purpose and establish relationships by which to determine the fidelity
of the prototype. This could, in turn, negate the need of the designer to rely solely upon their
experience and allow a more systematic approach to prototyping which could be refined and
improved over time. Though this research has not fully matured, it demonstrates promise for
improving the current state of prototype application in design.

Yet, though the classification

research attempts to create a construct by which prototypes can be consistently defined and
characterized, it does not sufficiently cover the prerequisites for application to the design process.
In a way it demonstrates a flaw similar to the other prototyping processes it seeks to augment. It
assumes the designer is able to relate rigidly classified data in such a way as to be useful to their
specific needs. In order to effectively apply the classification system to the design problem, a
designer would need experience in its application and a thorough understanding of the problem
itself.

While the classification system could allow for a better tool to implement this

understanding, it does not necessarily simplify the process and make it more accessible.

4

The research presented here builds off previous research into prototype classification by
addressing the identified shortcomings.

To address the shortcomings of current prototyping

processes [4, 5, 6, 17], a prototyping process is developed and a classification system is utilized
so that the prototype characteristics, roles, design needs, and project factors are better defined
for application within the process. In order to elaborate upon other recent research into the same
area [23], this research explicitly defines the relationships between factors and characteristics to
understand their application as part of a prototyping process. Thus the outcome is a classification
system defining the prototype characteristics, a set of relationships within that classification
system, a prototyping process developed to incorporate the application of the classification
system, and a set of prototyping guidelines to consider throughout the design process.
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Chapter 2: RESEARCH METHOD AND RESEARCH QUESTIONS

This research seeks to better define the relationships between prototype characteristics,
roles, design needs, and project factors for mechanical systems design in order to allow
prototypes to be more effectively and methodically implemented in the design process.
Furthermore, it strives to establish a process by which to apply that knowledge so as to simplify
the application of prototyping in design. This could help to minimize wasted effort, cost, and time
while maximizing the usefulness of a given prototyping effort. The research is conducted using
an extensive taxonomic classification system to define the relationships and a methodical case
study to extract qualitative data. However, the characteristics and factors used in the previous
research are simplified to allow more discrete qualitative data collection. This involves making
two distinct changes. First, prototype characteristics, from here referred to as prototype factors,
are simplified into prototype options, prototype roles, and design needs which use taxonomies to
group similar characteristics into discrete options. Second, project factors are segregated into
project constraints and project details in order to enhance the fidelity of the qualitative data
collection.

2.1 Research Summary
In order to guide the creation of the study and summarize the intent, research questions
were formulated based on the literature survey and to best express the aims of the research with
regards to the prototype and project specific factors. They are:

I.

What are the primary roles and design needs of prototyping in various design
environments?

II.

How is the application of prototyping affected by the design methods of the various
organizations involved?

III.

How do the collaborative interactions between organizations influence the process?
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IV.

How do these different methods and outlooks affect the determination of
effectiveness of a prototype?
-

How do skills and expertise available to a development team affect the outcome?

Answering these questions begins to characterize prototypes by their effectiveness in a broad
range of design scenarios including accounting for the prototype and project specific factors. This
makes it possible for designers using a taxonomic approach to evaluate more effective
prototyping implementations to meet their current design goals. A summary of the research plan
is seen in Figure 2.1.
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Figure 2.1: Summary of Research Plan

Keeping with the aims of the research there are four specific tasks which are performed:
a prototyping process is developed which incorporates tools to better enable the designer to
incorporate prototyping into the design process, a classification system is established for
prototype factors to function as one of these tools, a case study is performed to establish the
relationships within the classification system to validate it as a tool, and project factors are
incorporated to further define the applied relationships in a design environment. Figure 2.1
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outlines the process that is followed in the research. First, the prototyping process is established
by which the designer can incorporate the tools into the design process. Then the classification
system is developed so that relevant data is identified to be collected in the subsequent study.
Once the classification system is established, a case study is designed to extract the data for
both prototype and project factors. The case study is then performed to obtain the data which is
subsequently aggregated an analyzed. The trends and outcome of the analysis are then used to
develop relationships within the classification system and develop guidelines for the effects of
project specific factors. These established relationships and guidelines are then used to fully
define the prototyping process.

2.2 Decomposing Prototype and Project Factors
Now that the research method and focus has been established it is necessary to
elaborate how the various components are used to achieve the research goals. This involves
decomposing the factors and establishing the prototyping process which is followed. In order to
continue to decompose the research, it is necessary to first define the vernacular:

Characteristics: Details which can be used to quantitatively describe a prototype
Descriptors: Adjectives which can be used to classify prototypes into discrete categories based on
relative Characteristics
Roles: Tasks in the design process which prototypes are intended to accomplish
Design Needs: Project requirements which must be fulfilled by a prototype
Prototype Options: Set of Descriptors which define a unique type of prototype within the classification
structure
Relationships: Definable correlations between Roles, Descriptors, and Design Needs
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Project Details: Project factors which describe technical or situational aspects of the design project
Project Constraints: Project factors which describe limitations the design team must take into account
These factors are further subdivided into prototype specific factors and project specific
factors.

Prototype specific factors are those that directly affect or define the selection of

prototypes, such as design needs and prototyping roles, to work towards achieving the design
goals. Project specific factors are those that indirectly affect the prototyping options without
necessarily changing the prototyping roles or design needs, such as the project details and
constraints. The prototype factors and project factors are investigated simultaneously using an
inclusive case study.

However, prototyping and project factors are not equivalent and a

distinction is made between the two for the study. Prototyping options, design needs, and the
roles of prototyping can be directly related by situational data and perceptual measures of
effectiveness, but project details and constraints are not able to be directly mapped due to their
complex interaction with the prototyping process. It is important to understand the effects of both
of these types of factors on prototyping decisions, but within the study different measures must be
taken to extract relevant data for each.

2.3 Defining the Prototyping Process
The first step in accomplishing the research goals is to establish a prototyping process to
provide the framework through which to apply the classification systems and case study analysis
conclusions. During the process of classifying the prototype factors into deployable taxonomies
in Chapter 3, it was determined that the process described in Section 2.2 lacked sufficient depth
to properly define the prototyping process.

Thus it was subsequently modified to take into

account the extra data, identified during creation of the prototype taxonomy in Section 3.2, which
was needed to properly define a prototype. The revised plan is depicted in Figure 2.2.
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Figure 2.2: Revised Plan for Application of Prototyping [Adapted from 5]

The purpose must still be defined, but in contrast to the process in Section 2.2, the designer
must now determine the variety, fidelity, and complexity of the prototype as they are defined in
Section 3.2. After that the process remains unchanged. However, as can be seen from Figure
2.2 the prototype and project factors have a significant effect on the overall process. Prototype
factors affect the definition of the purpose and the determination of the prototype characteristics.
Project factors affect the prototype characteristics and the implementation of the prototype into
the project.

This demonstrates that prototype and project factors must both be addressed and

applied to the method in order to overcome the shortcomings discussed in Section 1.2. In order
to account for both factors in the prototyping process their effects must be determined.
Prototype factors and project factors have distinctly different effects on the prototyping
process as can be seen in Figure 2.2. The prototyping factors affect the initial stage of the
design process where the purpose is being determined and the prototype being selected. This
selection process is self-contained to the prototyping factors and thus, following this prototyping
process, selecting prototype options can be accomplished by relating roles and design needs.
However, the process is upset by the project factors which also have an effect on the selection of
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prototype options via their effects on the outlining of the experimental plan, the procurement of
materials, the construction of prototypes, and the testing of artifacts. Unfortunately, these factors
do not have an easily definable effect on the prototyping options and must be studied through
indirect methods.
Thus there are two dependent types of factors affecting the prototyping process which
require different approaches to properly analyze. As the goal of the research is to utilize a case
study to determine these relationships, ideally the factors would be analyzed together in a
comprehensive study. Yet, that approach would require a fifth order data collection system to
establish the relationships between all outstanding factors. A fifth order data collection system is
infeasible because the data which must be collected grows exponentially with the order, making
collection and analysis significantly more difficult. Rather, given the distinct differences between
the prototype and project factors, it is appropriate to analyze them separately which results in two
third order data collection process. This makes data collection simpler and permits the factors to
be approached with different methods, which in turn allows more effective data acquisition for
each.

Two separate case study approaches were developed for the prototype and project

specific factors respectively. They are presented in Figure 2.3 and the specific approaches are
discussed thoroughly in Chapter 5.
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Figure 2.3: Case Study Data Collection Organization and Form

As can be seen in Figure 2.3, the basic steps needed to collect data for the project and
prototype factors are similar, but the project factors have more complex interactions which must
be accounted for with a more thorough data collection method.

These project details and

constraints are enumerated as project effects and evaluated against the measures of prototype
success, degree of reliance, and interaction with design methods established in Section 5.2. In
order to evaluate what may not be initially apparent, the case study uses pattern matching
techniques to draw conclusions based on the project factors. Taxonomic classifications are not
used for these factors because the factors themselves are not inherently related and thus do not
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need relative categorization. Project factors are defined by discrete categories to segregate the
data; these categories are defined by a survey of the study itself to determine appropriate
segregation and compress the data into a usable form in Section 6.2. This method cannot be
applied as universally as taxonomic classifications, but it allows the highly variable data to be
analyzed. The prototype factors do not require the extensive use of qualitative data templates
because the direct nature of their relations allows for more simplistic pattern matching with fewer
data collection requirements. Thus the prototype factors are only measured against prototype
success as discussed in Section 5.2.

Additionally, it can be seen in Figure 2.3 that the

outcomes of each analytical approach are different. The prototype specific factors develop a
series of relationships between design needs, roles, and options while the project specific factors
augment those with a set of rules developed from the data.

Despite the fact that they are

analyzed separately, the two sets of factors are not independent. Given that a fifth order study
could not be conducted the two third order studies must be related to each other. The prototype
factors are used to develop the relationships due to the relative simplicity of inferring their effect
through direct relationships, while the project factors supply augmenting rules due to the difficultly
of extrapolating their indirect effects on the prototyping process and choice of options.
To define how data for the factors is extracted and evaluated, it is important to
understand how they interact with one another within the prototyping process defined in Figure
2.2. In order to accomplish the selection of prototype options in Figure 2.2, it is necessary to
outline a process that explicitly makes use of the outcome of the case study, the relationships and
rules. This sub-process which embodies the selection of prototype options is presented in Figure
2.4.
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Figure 2.4: Prototyping Options Selection Flow Chart

As can be seen in Figure 2.4, at the most basic level the design needs determine the prototype
options. However, the transformation from one to the other is non-trivial. The designer needs
assistance to narrow the available prototype options while also defining the roles. The output
options and roles can subsequently be compared to further narrow the applicable prototype
options.

The available options are then reevaluated based on the rules established and

limitations imposed by the project specific factors.

This provides a method of utilizing the

conclusions of the project factors data analysis to evaluate the prototyping options and provide
input into the process without discerning their explicit relationships through an extensive study.
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Once this has been done, the prototype characteristics, as defined by the applicable prototype
options, can be established and deployed in the prototyping process.
The sub-process presented in Figure 2.4 better reflects the prototype selection method
that the process in Figure 2.2. Thus it is prudent to incorporate the necessary changes into the
prototyping process to allow for direct translation of the study conclusions into an applicable
method. This modified process is presented in Figure 2.5.

Figure 2.5: Final Prototyping Process
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The prototyping process in Figure 2.5 significantly elaborates upon the design and
implementation of prototypes within the design process. This addresses the primary shortcoming
of the first prototyping processes described; they relied heavily upon the experience and
interpretation of the problem by the designer. This process utilizes explicitly defined empirical
relations and guidelines to deploy a prototype with minimal reliance on the designer for
interpretation of the needs and project factors. As the process is defined in Figure 2.5, the
designer needs only identify the purpose of the prototype and use it to characterize the initial
needs which are explicitly describe in Section 3.6. It also addresses the concerns of a rigid
classification approach to prototype deployment by defining the classification as part of a
systematic process.

In general, the final prototyping process is more systematic and rigidly

defined in its application than other processes and taxonomies. Therefore, accurate development
of relationships and guidelines through the study could establish a more reliable tool for
incorporating prototyping into systematic design processes.
In order to collect the data necessary to implement the prototyping process, the case
study focuses on prototype and project factors. The data for prototype factors is collected and
analyzed for trends in effectiveness to determine what prototype options were successful for
specific roles and design needs. The data is catalogued using independent taxonomies for each
prototype factor, developed in Chapter 3, and then analyzed to establish the relationships in
Section 9.3. Data for the project factors is collected in data aggregation matrices developed in
Section 5.2. The data is then analyzed and used to develop the guidelines in Section 9.2.
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Chapter 3: PROTOTYPING FACTORS AND CLASSIFICATION DEVELOPMENT

Now that research relevant information has been identified and a prototyping process
established, systems of classification can be developed for the various prototyping factors.
These classification measures apply only to the prototype specific factors because the effects of
the project interaction factors are too complex to model as such. Thus the factors which are
classified are prototyping roles, prototype options, and design needs. The details of these factors
are each organized into independent classification systems in order to discretely catalogue the
data collected in the case study and apply it to the prototyping process developed in Section 2.3.
Following the logic of Figure 2.4 and based on the discussion in Section 2.3, a simplified
relationship diagram between the prototyping factors is presented in Figure 3.1. This elucidates
the flow of information within the design process and how it can be used, in a simplified manner,
to go about choosing relevant prototyping options.

Figure 3.1: Interaction Diagram between Taxonomies

In order for the taxonomies to be useful to the research they must accomplish two things:
(1) taxonomic options must display sufficient independence, or orthogonality, from other options
to ensure unique interpretations of the factors by the designer and (2) the taxonomies must
demonstrate some level of completeness with regards to the factor space which it seeks to
classify. For example, a classification for design needs must be created such that a designer can

18

only interpret the design needs in a unique way. Additionally, the possible interpretations should
cover all possible design needs in some form.

These requirements are not rigid, but the

taxonomies must demonstrate that they are sufficiently able to achieve orthogonality or
completeness in most design situations.

These requirements are tested by orthogonality

matrices and comparison with other classification systems.

3.1 Prototyping Definition
Engineering design literature presents several definitions for a prototype. One definition
postulates that prototypes are artifacts or design models which allow for continued development
and change to occur within the design process [4, 24].

Other definitions put forward that

prototypes are test components which allow designers to evaluate their designs and assumptions
[2, 25]. Prototyping is also addressed as an integral component of design needed to clarify
fundamental questions [18].

Finally, researchers focusing on the classification of physical

prototypes defined them as physical instantiations of a product to be used for resolving issues
during product development [4, 23]. These four definitions each cover a large basis and all can
be considered valid for most cases of engineering design due to their high level of abstraction.
However, each of these definitions has the limitation that they only cover a subset of prototypes,
either physical instantiations or computational models.

Despite this, far simpler design

representations still fulfill many of the same functions as these physical artifacts and virtual
models. Thus it is necessary to develop a definition that includes them.
A prototype is essentially a design representation of some aspect, such as fit, form, or
function, of a design [17, 26] where a representation is a visual artifact which allows individuals or
entities to independently interpret the contents [27]. Thus, any design representation which can
be viewed or manipulated equally by all designers is a prototype; this makes sketches, twist-tie
models, or cardboard cut-outs all prototypes.

However, a coded representation or one that

requires translation does not qualify as a prototype, which precludes mental images, verbal
descriptions, or any artifact which does not present a direct visual depiction of fit, form, or
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function. Considering these factors, for the purposes of this research prototypes are fit, form, or
functional design representations which enable designers to directly communicate, test, or
validate design ideas. This definition allows any form of representation which simulates some
aspect of the design to be considered a prototype, including some that would not traditionally be
considered prototypes.

Examples of design representations which are not traditionally

considered prototypes can be seen in Figure 3.2. While prototypes are deployed for vastly
different reasons and in various forms, such a broad definition is necessary to draw conclusions
from a broad set of data which could lack depth, as is common in case studies [15, 16, 28].

Figure 3.2: Design Representations which can be Prototypes through Research Definition

3.2 Prototype Classification in Practice
From the definition there are several uses of prototypes such as evaluation, cost, testing,
and communication. Communication is at the core of each of those uses as the information must
get back to the designer and be implemented to continue developing the design [29, 30, 31, 32].
Thus, prototypes are inevitably used to communicate information both internal and external to a
given design project. It is therefore important to understand what type of information is expected
and how it is going to affect prototype design [29, 30, 31]. In order to better understand how
these uses should shape the design of a prototype, several attempts have been made to classify
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prototypes based on different criteria. Some attempted to classify them based on cost and the
stage of design [18, 33, 34] while others focused on the level of abstraction or realism [5, 6, 18,
34, 35]. Finally, there were attempts to classify prototypes based on their intended evaluation
purpose [4, 6] because prototypes are often built for the sole purpose of evaluating design
aspects [4, 5, 6, 7, 9, 18, 36]. There have also been benchmarks conducted where several
methods of classification were tested for orthogonality and completeness [23].

In these

benchmarks, orthogonality describes how effective a method is at distinguishing different types of
artifacts without overlap while completeness describes how much of the overall group it is able to
encapsulate [20, 37, 38, 39]. It has been shown that, to some extent, completeness can be
sacrificed for orthogonality and vice versa [23].
For the purposes of this research, orthogonality is desirable but only to the extent that it
allows simple and useful differentiation of prototypes [38]. Characteristics are easier to interpret
after the design process and thus a classification system which focuses on those is most useful
for a retrospective case study, as used in this research. Still, common taxonomies such as seen
in Figure 3.3, Figure 3.4, and Figure 3.5 [4, 5, 6] lack the level of orthogonality needed for a
broad study. They only provide between four to eight degrees of freedom each. Thus a new
taxonomy is proposed which attempts to create maximum orthogonality based on definable
relative characteristics. This taxonomy aims to simplify interpretation and the application of any
conclusions to the design process established in Section 2.3.

Figure 3.3: Design Physical Prototype (DPP) Taxonomy [4, 23]
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The taxonomy in Figure 3.3 focuses exclusively on physical prototypes and their typical
uses in a production design environment for mechanical systems or components. Non-physical
prototyping is not included as it is generally considered part of the analysis or concept generation
phases. By limiting itself to production design, this taxonomy fails, by definition, to meet the full
breadth of mechanical systems prototypes. Additionally, this taxonomy limits itself to functional
prototypes which must fulfill some energy, interface, or mechanical flow aspect of the product. In
the process form and fit prototypes are discounted by the application of this taxonomy. This
taxonomy is limited to its targeted environment, but it is also limited within it. The lack of inclusion
of form and fit prototypes reduces the possible prototype design space. However, this source
includes additional classification information in the forms of prototyping roles. These are meant to
aid the designer in evaluating the possible applications of prototypes in the design process.
Thus, while the taxonomy of Figure 3.3 is intended to give the designer prototyping options, a
classification of roles allows the designer to further evaluate the application of a prototype.

Figure 3.4: Production Physical Prototype (PPP) Taxonomy [6, 23]

The taxonomy in Figure 3.4 portrays prototypes exclusively as production project
deliverables. Thus, it has approximately the same focus as the taxonomy in Figure 3.3, but with
fewer discrete classifications. Yet, this taxonomy includes all forms of design representation in its
definition. Sketches, layout drawings, and solid models are all included as possible graphical
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representations of design, but they are accompanied by physical artifacts. Therefore, according
to this interpretation, the sketches, layouts, and models are representations of the prototypes
rather than of the design itself. While this taxonomy is also limited to a production environment, it
does expand upon the concept of what constitutes a prototype. Still, it focuses solely on the
prototypes themselves as goals which must be met for project deliverables. While the taxonomy
expands the inclusion of design representation, it fails to elaborate upon the relationships
between design needs, prototyping roles, and the prototyping options.

Figure 3.5: Design Non-physical and Physical Prototype (DVPP) Taxonomy [5, 23]

The taxonomy of Figure 3.5 further explores the application of prototypes in product development,
but it goes further in expanding the definition of prototypes by inclusion of analytical models and
varying levels of fidelity in the model. However, in accomplishing this it compresses physical
production prototype data by including only two categories explicitly related to normal production
practices. Additionally, this taxonomy also relies upon the definition of prototype roles to aid in
choosing options. This taxonomy explicitly includes more types of design representations and is

23

more capable of differentiating between various prototypes, but it fails to cover the breadth of
prototyping outside of a product design environment by not encompassing fit and form aspects of
prototypes. Thus, this taxonomy is limited in its application as a generic classification system for
mechanical systems design.
The primary shortcoming of these taxonomies is their inability to cover the entire
prototype design space. They tend to focus on the primary goals of product development rather
than the diverse possibilities in the design process because they use restrictive definitions of
prototyping which are not indicative of their applications in design. However, from the application
of the taxonomies in Figure 3.3, Figure 3.4, and Figure 3.5, it is apparent that simply defining
and classifying prototypes is not sufficient; some definition of roles, and perhaps more, is needed
to guide the application of prototyping in design. Therefore, the definitions of relevant prototyping
factors in Section 2.2 and the sub-process for prototype selection in Figure 2.4 guide the
creation of taxonomic classification systems for design needs, prototype roles, and prototype
options. This follows the research agenda established in Figure 2.1 and overcomes some of the
shortcomings discussed in Section 1.2.

3.3 Classification of Prototype Options
A generic classification of prototypes is needed which is not dependent upon the design
goals. To this end, the most simple and inclusive definition is the most desirable as the goal of
the designer is to be able to extract as much information as possible while still retaining ease of
use. A prototype can most simply be described in terms of variety, relative complexity, and
fidelity; three characteristics which are simple to distinguish in a complete prototype [8, 40].
Variety is the generic type of the prototype, either physical or non-physical, while complexity
describes the relative complexity compared to the entire design system. For example, prototypes
can represent an entire system, the smallest component within that system, and anything in
between. Finally, fidelity is the level of realism the prototype represents, from representations
that serve as an idea communication tool to realistic components which are built to replicate and
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test a final design. A taxonomic hierarchy is created using discrete interpretations, or descriptors,
of these characteristics and it is demonstrated in Figure 3.6.

Figure 3.6: Hierarchical Morphological Prototyping (HMP) Options Taxonomy

The classification hierarchy of Figure 3.6 represents a generic taxonomy with twenty-four
degrees of freedom in a morphological configuration.

It is created to fit the definition of

prototyping in Section 3.1 and thus can be said to completely define prototyping space.
Additionally, the morphological configuration inherently creates a distinction between the variety,
complexity, and fidelity characteristics.

This means that the taxonomy is also, by definition,

completely orthogonal. However, it is prudent to compare the taxonomy against other existing
classifications systems to test for other viable options. Table 3.1, Table 3.2, and Table 3.3
present comparison matrices between the three pre-existing taxonomies in Figure 3.3, Figure
3.4, and Figure 3.5, and the proposed classification system.

In these comparison matrices,

interactions between different taxons are marked with an “X”. These interactions show to what
degree the taxonomies are capable of describing the taxons of each other. The taxonomy which
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is more capable of segregating into taxons is superior.

This is described in terms of

completeness, what proportion of the taxons is accounted for, and orthogonality, how
independently those taxons are categorized.

Table 3.1: Comparison Matrix of HMP and DPP Taxonomies

The taxonomic comparison in Table 3.1 demonstrates that the physical component of the HMP
taxonomy covers all aspects of the DPP taxonomy. Furthermore, the HMP taxonomy averages
only 1.5 interactions per active row while the DPP taxonomy averages 3 interactions per row.
Thus the generic classification based on variety, complexity, and fidelity shows 2 times the
resolution while covering only half of its designed prototyping space. It also demonstrates 33
percent higher completion within the portion of the design space tested; this was determined by
the finding the difference of the column and row completion percentages.
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Table 3.2: Comparison Matrix of HMP and PPP Taxonomies

The taxonomic comparison in Table 3.2 demonstrates that the physical component of the HMP
taxonomy covers all aspects of the PPP taxonomy. Furthermore, the HMP taxonomy averages
only 1.86 interactions per active row while the PPP taxonomy averages 3.2 interactions per row.
Thus, the generic classification shows approximately 1.7 times the resolution while covering only
half of its defined prototyping space. It also demonstrates 42 percent higher completion in the
portion tested.
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Table 3.3: Comparison Matrix of HMP and DVVP Taxonomies

The taxonomic comparison in Table 3.3 demonstrates that the physical component of the HMP
taxonomy covers all aspects of the PPP taxonomy. Furthermore, the HMP taxonomy averages
only 1.56 interactions per active row while the PPP taxonomy averages 3.5 interactions per row.
Thus, the generic classification shows approximately 2.25 times the resolution over the complete
prototype space and demonstrates 33 percent higher completion.
The HMP taxonomy demonstrates a greater degree of completeness and better
orthogonality in all three comparison matrices due to its implicit orthogonality and completeness.
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Superior completeness is shown by the free rows in each comparison matrix which indicate that
the original taxonomies aligned at the top of the matrices are not capable of classifying all
descriptors utilized in the HMP taxonomy aligned to the left. Furthermore, better orthogonality is
established by the fact that individual columns are proportionally more heavily populated than
individual rows. For example, of the columns with at least one interaction in Table 3.1, Table 3.2,
and Table 3.3, there is an average population of 3.5, while for the rows with a population of at
least one, the average population is 1.56. This shows that the options used by the original
taxonomies at the top of the comparison matrices describe many possible options within the HMP
taxonomy; this indicates inferior orthogonality because the HMP taxonomy is able to further
differentiate within those vertical sets. Thus the HMP shows an enhanced ability to discriminate
between prototypes and is more useful for this research. However, though the HMP taxonomy
performed well, none of the other classification systems were geared towards rigid classification;
for full validation it must be compared against a tested taxonomy with similar prototype
description goals.

A full taxonomy evaluating both prototyping factors and characteristics is

presented in Figure 3.7.
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Factors of a Physical Prototype
Declarative (Inform, Record)
Interrogative (Request, Propose, Test)
Imperative (Guide)
Intent
Communication
Mode of Communication (Visual, Tactile, Auditory, Mixed)
Form (Is it acceptable, what is good/bad)
Function (Does it function, how well does it perform)
Fit (will it fit, how well does it fit)
Single Design
Form (cursory evaluation of which ones are acceptable)
Function (which ones work, which one performs better)
Evaluation Purpose Multiple Designs Fit (which ones fit, which ones fit better)
Time (fabrication, procurement)
Cost
Availability (internal resources, external resources)
Design Stage (Clarification of the task, conceptual, embodiment, detailed, production)
Characteristics of a Physical Prototype
Number of Parts relative to the final sub-system
Number of disciplines
Number of constraint questions that can be answered
Number of criteria questions that can be answered
Relative scale (dimensioned) to final
Size
Type (Novel, Variant)
Intrinsic Properties
Material
Form
Joining methods
Fabrication
Part production processes

Figure 3.7: Intricate Taxonomy of Prototype Factors and Characteristics (PFC) [23]

Though only for physical prototypes, the taxonomy in Figure 3.7 exceeds the
classification expectations of the HMP developed in Figure 3.6.

By introducing factors and

characteristics with quantitative rather than relative definitions, it becomes difficult to directly
compare these taxonomies. For example, it is not possible for the hierarchical taxonomy to
classify as much data. It makes up for this by being simpler to implement and by compressing
the data into application critical classifications. Still, while many of the factors and characteristics
of the taxonomy in Figure 3.7 are descriptive rather than classifying, there are some comparable
factors between the two taxonomies. Thus, comparison of the taxonomies can still be used to
evaluate the effectiveness of the HMP taxonomy for physical prototypes. This comparison is
seen in Table 3.4.
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Table 3.4: Comparison Matrix of PFC and HMP Taxonomies

The PFC taxonomy is not an effective fit for this research due to its detailed and specific
nature, but it was originally constructed for prototype classification and therefore is an appropriate
benchmark against which to compare the HMP taxonomy.

However, it comprehensively

classifies prototypes by their characteristics and factors which results in redundancy in the
simplified HMP taxonomy. Thus some characteristics cannot be used when comparing the two
and other factors, such as cost and design stage, are parts of the project rather than the
prototype. Against all comparable descriptors, the taxonomies both perform similarly in terms of
orthogonality and completeness. However, the interrogative descriptor of the PFC taxonomy
applies to virtually every taxonomic classification possible within the HMP. The HMP has no
descriptors with such high applicability within the PFC. Only form type prototypes escape the
interrogative classification, and they are easily defined using other descriptors in the PFC. Thus,
the classification can be assumed to be redundant. Consequently, the HMP taxonomy performs
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well and lacks unnecessary redundancy; it is therefore qualified to be used for the analysis
henceforth.
The HMP taxonomy displays orthogonality and completeness within the definition of
prototyping and the system used to describe them. The taxons are still open to interpretation by
the user, but given that only three decisions are required to differentiate twenty-four types of
prototypes, a consistent evaluation is simple to perform. This is critical for evaluation because it
reduces uncertainty. Therefore it can encompass various prototyping options, but to develop a
better sense of how to apply the taxonomy, the descriptors need definition.

Variety: The type, physical or non-physical, of the prototype; seen in Figure 3.8.

Figure 3.8: Demonstration of Variety Descriptors

Non-physical: Any prototype which can convey design intent or be used for analysis which is not
embodied by a physical artifact.

This can include solid models used for assembly or

representation, Finite Element Analysis models used for analysis, CAD drawings outlining
production, or even sketches and pictures. In general, this research focuses on the virtual type of
non-physical prototypes due to their prevalence in the design process over other forms such as
sketches or draft drawings.
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Physical: Any physical artifact which represents the design in such a way as to convey or test
functionality, fit, or form. This can included scaled mock-ups, concept builds, or final design
archetypes.

Complexity: The level of detail of the prototype relative to the overall design. This is determined
from the perspective of the designer. For example, an automobile manufacture sees a car as a
system and a tire as a sub-system while a tire manufacturer sees the tire as the system. An
example from the automakers perspective is seen in Figure 3.9.

This research utilizes the

perspective of the information source to define complexity.

Figure 3.9: Demonstration of Complexity Descriptors

Component: A single part of a larger design. Components can be simple or complex parts, but
they are only a single component of a larger whole.

Subsystem: A system within another system which encompasses it. This could be a separately
functional system, like an actuator, or one that only functions in the context of the larger system,
such as a pulley. It can also include divisions of larger systems such as a segment of a tire or the
joint of a suspension.
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System: Represents the entirety of a given design. An exception to this occurs when the design
is a single component or a sub-system of a larger design.

Fidelity: The realism of the prototype given the final design goals; seen in Figure 3.10.

Figure 3.10: Demonstration of Fidelity Descriptors

Form: The prototype represents the most fundamental shape, functionality, or configuration of
the current design. It does not include critical design details. For all intents and purposes is of
use only for demonstration, communication of concepts, or qualitative comparison between
design options.

Basic: The prototype represents the shape and functionality of the current design and tries to
reasonably implement all critical design details.

Compromises are made for cost,

manufacturability, and time. It can be used for basic testing and proof-of-concept scenarios, but
can not be assumed to accurately reflect the performance of the final design.

Detailed:

The prototype represents the shape, functionality, and configuration of the current

design and makes a strong effort to accurately implement most if not all critical design features.
Compromises are still made for manufacturability and cost of the prototype so long as they do not
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drastically affect the performance characteristics. It can be reasonably assumed that a detailed
prototype accurately reflects the performance of the final design so long as the configuration
remains unchanged.

Realistic: The prototype represents the shape, functionality, and configuration of the final design
and makes every effort to exactly implement all design features. Compromises are not made and
this prototype should be the same as final production. Thus, its performance accurately reflects
final design performance.

This taxonomy encompasses any prototype that can feasibly be developed during a
mechanical systems design project. Thus, given this classification system it is possible to discern
prototypes in the case study and make assertions based on the taxonomy.

However,

classification systems must also be defined for prototyping roles and design needs.

3.4 Definition of Prototyping Role
In order to discuss the roles that prototyping plays in the design process, it must be
understood what a role constitutes. A role is, as the most basic level, an expected behavior or
function [4, 5].

This introduces a distinct challenge when attempting to define the role of a

prototyping endeavor as the premise is vague. This occurs because the role is not the sole
defining characteristic of the prototypes, but it is still a notable limitation which must be taken into
account when defining roles. Thus, the role of a prototype is the expected behavior or function of
a prototype in the design process minus the contributing project and prototype details such as
cost, facilities, and expertise.
The uses, purposes, and roles of prototypes have been enumerated by several authors
[4, 5, 6, 17, 34]. In a general sense, prototyping in design can be seen as an integral tool which
must be applied with intent and planning in order to be beneficial [5], one with many uses which
need not be applied systematically as long as there is clear purpose [4]. It is a tool whose role is
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systematically defined by project needs, the phase of the design process, and the media of which
a prototype is built [6]. Given these definitions it is possible to determine other relationships
which allow prototyping options to be evaluated.

3.5 Classification of Prototyping Roles
The goal of this research is to lay a foundation to translate project needs and details into
a definition of prototyping needs and action based on the taxonomy presented in Figure 3.6 and
the process outlined in Figure 2.5. One factor in achieving that goal is translating project needs
into prototyping roles.

Those roles can subsequently be analyzed along with the defining

characteristics presented by the project needs to formulate a summary of prototyping needs. The
roles of prototyping on a general level have been previously defined as learning, integration,
communication, and demonstration [3, 4, 5, 6]. However, to better understand these roles for
characterization, a more elaborate definition of exactly what is meant by each. This list has been
compiled and modified to encapsulate the multiple interpretations of the role of prototyping in the
design process [4, 5, 6, 17, 34, 35]. While there is some distinct overlap between the defined
roles, there is also sufficient differentiation and independence to allow them to be classified
separately.

For example, a demonstration prototype is also, by definition, a communication

prototype.

Therefore, one role could always accompany the other, but the extra degree of

differentiation allows a more thorough breakdown of the roles. If a communication prototype is
not also a demonstration prototype, then it is apparent that it fulfills a different communication
role.

Likewise, if a prototype is a demonstration type, then it fulfills a distinct type of

communication rule which is prominent enough to be classified alone.

Additionally, a

demonstration role has role specific characteristics not included in the communication
classification such as physical instantiation. Each of the roles, as derived and elaborated from
the literature, covers an accepted role of prototype implementation with some functional overlap:
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Learning: When prototypes are used to answer unknowns or to measure performance against
the design requirements, they serve as learning or discovery tools.

The unknowns can be

anything from functionality or feasibility [4] to concept selection [26]. Physical prototypes are
most suited to fulfilling this role because they are capable of revealing unknown phenomena and
most accurately simulating true design performance.

Non-physical prototypes are based on

known parameters and are thus limited to lessons that have already been learned.

This

distinction can be described with an open and closed system perspective. Physical prototypes
represent an open system where all factors can affect the artifact regardless of the actions of the
designer; the designer’s only inputs are the physical characteristics of the prototype or
programming while the environment and prototype supply the other inputs during a test. Given
that the designer cannot have perfect knowledge of these inputs they can create unexpected
results. With a non-physical prototype, all input is from the designer including environmental
interactions which may be created; this is a closed system which behaves according to the
designer’s knowledge. Thus, shortcomings on the part of the designer result in inaccurate nonphysical prototyping with no method of validating those shortcomings other than by subsequent
physical prototyping. This is why, inevitably, physical prototypes are prevalent in mechanical
design, but an increasing understanding of mechanical processes, and integration of that
understanding into accessible software, has allowed some of these obstacles to be increasingly
overcome. However, mechanical systems are, in general, still complex enough that non-physical
prototypes continue to be closed systems limited by the designer’s knowledge. Examples of
learning prototypes are test systems built to ensure a design works as expected or a finite
element analysis model which attempts to find stress concentrations in a stressed member.

Communication: When prototypes are used to convey information outside the design group, they
act as a method of communicating information regarding project understanding, design
functionality, performance, configuration, or a host of other variables.

It can be argued that

prototypes always function to communicate information, but it this case it explicitly refers to
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information being conveyed to someone without intricate details of the design. A prototype, most
notably the physical variety, is effective at conveying this type of information because it provides
the recipient with a three dimensional visual and tactile representation, in the case of physical
prototypes, which is easier to understand than common engineering representations such as
sketches and verbal descriptions [35].

An example of a communication prototype can be a

sketch or a solid model of a design concept. Examples of physical communication prototypes
could be a bridge constructed of toothpicks or a car modeled out of clay. All of these could
communicate functionality, fit, or form to other designers and allow them to evaluate or integrate
the ideas.

Integration: When prototypes ensure that components and subsystems work together as a single
system they are being utilized for product integration. This verifies the assembly process, refines
the overall system functionality of a product, and can evolve the process by which it achieves its
functionality.

This was once the domain of physical prototypes as it requires a coordinated

assembly effort, but with the advent of solid modeling, integration has become more dependent
upon non-physical prototyping for validation. This is because solid modeling allows the designer
to construct accurate virtual representations, configure them, and make necessary changes on
the fly without the need for physical construction or tolerance stacking based on engineering
drawings. Integration prototypes can often fulfill more than one role. For example, a solid model
of detailed parts can be assembled within a framework to determine the exact dimensions of
other parts and detail them; this model could furthermore then be used to communicate design
form and fit.

This could also be done with a physical prototype, but making the necessary

dimension changes or part modifications takes longer and could be more expensive.

Demonstrations: When prototypes are used to display functionality or progress they take the
form of a demonstration [4]. This means they fulfill a unique form of communication role, with its
own distinct characteristics, which is prominent and distinct enough to classify alone. Prototypes
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in this role often strive to demonstrate a level of design maturity at key points in a project which
show that expected progress has been obtained. These are often planned during the project
development phase and serve as markers for the design project. Demonstrations are nearly
universally represented by physical prototypes in mechanical design. This is due to the fact that
physical artifacts are being designed and thus the only way to demonstrate the actual
functionality, due to possible unknown factors, is with a physical prototype.

Some common

examples of demonstration type prototypes are proof of concept, proof of product, proof of
process, and proof of production [6]. For example, a final design produced using the anticipated
final production process allows the final design itself to be shown to customers and also validates
the production process which is to be used.

These various roles of prototypes and their applications in product development are not
sufficient to define their use in product design because the roles, design needs, and prototype
details are distinct characteristics of a prototype. Due to the overlap, most prototypes have
multiple roles as defined, but those in no way explicitly describe their overall characteristics. To
an extent the roles can serve to define the current project demands which need to be related via
the project details to characterize the roles. It is necessary to understand how the roles and other
classifications are related in order to obtain greater orthogonality in the characterization of
prototyping roles.

The basic roles of prototypes are elaborated upon and presented in the

taxonomy in Figure 3.11. This taxonomy is created to be related to other taxonomies of design
needs and prototype options in order to more effectively define the use of prototypes in a design
process. The roles taxonomy is derived from the general classification of roles elaborated from
the literature above, and the specific roles found in the literature [4, 5, 6]. Furthermore, the
orthogonality of this new taxonomy is tested in Table 3.5.
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Figure 3.11: Taxonomy of Prototyping Roles

Table 3.5: Orthogonality Matrix for Taxonomy of Prototyping Roles
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The taxonomy in Table 3.5 shows cross classification independence for the roles utilized
in the description of prototypes. It is also complete for this aggregated subset of general and
specific roles.

Thus the described taxonomy is well suited for use during the upcoming

comparative case study.

3.6 Definition of Prototyping Design Needs
Design needs are essentially project requirements which must be fulfilled by a prototype.
These are distinct from prototyping roles because they are not characterized as a behavior or
function; they can be defined based on underlying details and predefined requirements or
deliverables. This means that certain needs inevitably result in prototypes which fulfill certain
roles, but it is a more fundamental description.

Additionally, design needs are distinct from

prototype options because they do not immediately preclude form, fit, and functionality of the
prototype. However, as with the roles they could aid in defining the potential prototype options.
The design needs are the most fundamental representation of the project requirements and
details which can be used to understand prototyping practices. As such they are related to the
roles and options, but it cannot be assumed that they can necessarily be defined by each
individually. Thus it is the interaction between all the components that remains important.

3.7 Classification of Prototyping Design Needs
Design needs can vary significantly based on the nature of the design project, the stage
of the design process, requirements, available information, previous work in the field, and a host
of other variables [1, 3, 4, 5, 6, 7, 9, 17, 18, 20, 36]. A list of possible design needs is compiled in
Table 3.6. In order to fulfill the research goal of developing a system of selecting prototype
characteristics, design needs, as a major part of the decision, must be discretely classified to
allow them to be more readily utilized. Developing a list of possible needs is the first step in that
process.
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Table 3.6: Partial List of Prototype Design Needs
Proof of Production [4,6]
Proof of Assembly [4,6]
Concept Selection [5,6]
Visual Aid [5,17]
Develop Analytical Method [1,5]
Compare with Existing [1,17]
Evaluate Usability [4,17]

Proof of Concept [4,5,6]
Experimental Data [1,4]
Idea Validation [1,7]
Aesthetic Evaluation [17]
Configure System [4,5]
Evaluate the Unknown [1,5,6]
Determine Performance [1,4]

Proof of Product [4,5,6]
Proof of Manufacturability [5,6]
Industrial Design [4,17]
Compare Analytical Model [5,6]
Determine Dimensions [4,5]
Test Environmental Interaction [5,7]
Optimize Design [1,17]

The purpose of developing a list of possible needs is to validate a taxonomy which can
categorize those needs.

This list represents a significant portion of the possible needs

prototyping can satisfy in mechanical systems design as derived from literature [2, 3, 4, 5, 6, 18,
34]. Any taxonomy developed for design needs must also display sufficient orthogonality with
regards to those listed in Table 3.6; a preliminary orthogonality comparison of the needs is
presented in Table 3.7.

If orthogonality can be demonstrated then there is sufficient

independence between needs to allow more unique relationship mappings between taxonomies.
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Table 3.7: Orthogonality Matrix of Design Needs

This comparison in Table 3.7 shows a low degree of orthogonality.

In order for a

categorization of the design needs to be useful in discriminating relationships it must be almost
entirely orthogonal. Yet, it must also have as much ability to distinguish as possible. Therefore,
orthogonality must be enhanced significantly while retaining degrees of freedom.

From this

comparison matrix it is possible to find the important categories of prototyping application and use
them to develop a taxonomic classification system. For example, the “gather experimental data”
and “idea validation” categories overlap significantly with others and can thus be used as higher
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level categories.

These categorizations are modified for maximum orthogonality while still

retaining an acceptable number of degrees of freedom.

The taxonomy resulting from this

modification is presented in Figure 3.12.

Figure 3.12: Design Needs Taxonomy

As can be seen in Figure 3.12, overarching categories were turned into higher level
classifications while redundant design needs were removed.

This resulted in a compressed

taxonomy with greater orthogonality which retains nine degrees of freedom. Additionally, overlap
with the prototyping roles taxonomy was taken into account and minimized. This aids in overall
process orthogonality in the complete evaluation process. The orthogonality matrix can be seen
in Table 3.8.
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Table 3.8: Orthogonality Matrix of Revised Classifications

In Table 3.8 some interactions remain between taxonomic classifications.

However,

those interactions all reside within the higher level classifications such as experimentation,
interrogation, concept selection, or design validation. Thus there is excellent orthogonality for the
higher level classifications and good orthogonality for the more descriptive classifications. This
allows effective evaluation during the comparative case study. However, to be applicable the
classifications need definition:

Experimental: These needs require experimental data from the prototype in order to further the
development of the design.

Evaluate Properties: This taxon represents the need of the designer to know the properties and
performance of a design as can be represented by the prototype in order to rate the design; this
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can be for comparative analysis, performance benchmarking, usability testing, or evaluation of
environmental interactions. Additionally, this taxon covers the designer’s need to know if there
are any unknown attributes of a design which have not been considered; experimentation with the
prototype demonstrates if the design or aspects of the design perform as expected.

Develop Analytical Method: This taxon represents the need of the designer to develop analytical
methods of evaluating the current design. Experimentation can only provide functional data and
evaluation of performance, but analysis is needed to more closely interrogate a design at a
fundamental level. However, in order to develop an effective analytical method, empirical data
from a physical prototype is needed against which to compare and tune the analysis.

Design Validation: These needs require realistic testing to validate prototypes to determine real
world performance characteristics of a design.

Proof of Concept:

This taxon generally represents the need to validate specific concepts

employed within a design, but this can be extended to a newly developed system or process.
The goal is to prove, via physical prototyping, that the concept in question can meet specific
design requirements.

Proof of Product: This taxon represents the need to validate a completed design; ensuring that it
meets design requirements and performs as expected in actual application. This is done via
physical prototyping in mechanical systems and must emulate the detailed final design, but it
need not follow the intended production process. Only full functionality needs to be demonstrated
by the prototype.

Proof of Production: This taxon represents the need to validate the production process and
should eventually result in the archetype for the production design due to the need for irrefutable
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proof. However, it can involve lower fidelity prototypes in the form of “proof of assembly” and
“proof of manufacturability” prototypes. These are necessary to validate the production process
incrementally and ensure compatibility when moving onto the final stage of the design process
validation.

Concept Selection:

These needs require cursory evaluations of prototypes to determine

functional superiority in one or more areas.

Conceptual Designs: This taxon represents the need to develop preliminary judgments of relative
concept performance early in the design process. Conceptual design needs are broad but do no
necessarily require detail; the designer needs information only regarding the most critical design
requirements in order to make an informed decision. These needs of conceptual design are
normally only concerned with basic design functionality represented in a prototype.

Aesthetic Evaluation: This taxon represents the need to evaluate aesthetics in an early design
proposal. This is normally seen when continuing development on existing systems, such as
automobiles or consumer electronics, where the basic functionality is well known. However, it
can also be employed in the development of new systems.

While this taxon is similar to

conceptual design needs it is more specific and limited to certain types of design projects;
furthermore, the design need of aesthetic evaluation is not necessarily as demanding as the
conceptual design needs could be.

Interrogation: These needs require the designer to interrogate some non-quantifiable information
from the prototype.

Optimize Design: This taxon represents the need to optimize functional efficiency of a design;
this can be geometric, functional, process, or production optimization.
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A prototype may be

needed for these tasks because they provide a design interface which explicitly represents the
geometry, functionality, and processing of the design along with any interactions which may exist.
Therefore a prototype provides a representative interface for product optimization.

Configure System: This taxon represents the need to fill in the final details of a design after all
other design targets have been examined and met. This takes place late in the process and
while parts, materials, configuration, and attachment may have already been addressed, final
integration of the system is necessary to ensure it all fits together properly while retaining the
design requirements. Non-physical prototyping is an ideal method of accomplishing this as it
allows known information to be represented and assembled at little to no cost while retaining
quality and accuracy.

This breakdown of design needs further helps to describe the applications of prototypes
in design. Yet, alone it is not sufficient to make conclusive project decisions. It has thus far been
assumed in the literature that the designer can interpret their design needs into prototype
characteristics, but there was some degree of guidance as to what types of options existed [3, 4,
5, 6]. These prototyping taxonomic classification systems have thus far done little other than be
used to give prototypes a place in the design process. They neglect the application and leave the
details to the designer.
decisions.

However, the designer can and often does make less than optimal

However, now that taxonomies exist, classifying the roles, design needs, and

prototyping options, it can be further elaborates what is needed to more effectively make the
transformation from design needs to prototype characteristics. These aspects are explored in the
case study and used to develop these relationships then further augment them based on project
specific factors.
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Chapter 4: CASE STUDY SUMMARY

Design research, which includes this prototyping research, is inter-disciplinary and draws
influence from engineering sciences, sociology, psychology, and economics [41]. This brings a
wide variety of different research methods into the field [42] including case study research. A
case study can be defined as an empirical research method used to investigate a contemporary
phenomenon, focusing on the dynamics of the case, within its real-life context [28, 43]. Though
the social science view of design is not well understood and case studies are not formally
incorporated into design research, they are nonetheless widely deployed [1, 2, 3, 4, 5, 6, 7, 17,
18, 20, 44, 45] and numerous authors have emphasized their advantage in design research [43,
45, 46, 47]. The flexibility of case studies and their ease of use have made it possible to apply
them to many fields [28] such as psychology, economics, linguistics, and sociology. In fact, even
within design, the several design methods currently in use were developed through extensive
observation of industry [48], and though it is not explicitly stated, these methods can be said to be
the result of large informal case studies [18, 41]. Therefore a case study approach is appropriate
for clarifying the relationships in prototype deployment in design.

4.1 Summary of Case Study Research
Case studies are not quantitative in nature as they are best used to answer ‘how’ and
‘why’ type questions [28]. However, while the goal of a quantitative method is to find objective
data by rigorous scientific investigation, it is difficult to create a control environment from which to
collect data.

Behavioral events are not possible to control and thus qualitative study of

contemporary events is an acceptable compromise [41]. Quantitative methods have their uses
[43], such as developing statistical design tools or concept selection, and in some cases they are
even applied to case studies using methods such as protocol analysis where designers are
observed in a controlled laboratory. However, concerns have been raised over such methods as
they do no portray designers in a realistic environment [49]. Quantitative methods seek to rigidly
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control the environment for data collection, but qualitative methods see this environmental
interaction as a significant factor in the analysis. They also take into consideration the subjectivity
of the researcher conducting the study. For these reasons, qualitative analyses are more suitable
for research involving human-environmental interaction, such as the case here.
Qualitative and quantitative methods for research in design tend to fall into three
categories: (1) methods used to observe designers, (2) methods used to interview or survey
designers, and (3) methods used to analyze documents generated during the process [42]. The
most common qualitative methods are interviews, ethnographic studies, and experiential analysis.
Each has their advantages and disadvantages as discussed below [28, 41].

Interviews:
Interviews are a normally qualitative process where data is gathered by asking designers direct
questions. Additionally, some degree of quantitative data can be collected by using a structured
interview designed to consistently capture specific data. Interviews, especially when structured,
require adaptability on the part of the interviewer to ensure consistency and to navigate the
interview within the prescribed protocol limits [28, 50]. Interviews also afford the opportunity to
probe additional information in real-time as it is presented.

Ethnographic Studies:
An ethnographic study is a data collection method which requires the observer to be immersed
within the environment and scenario they are studying.

In order to develop an intimate

knowledge the researcher must be integrally involved with the process by participating in it, in this
case as a designer [49]. The researcher can then use their historical knowledge of the scenario
to build an argument or supply qualitative and quantitative data. This method is not typically used
in design research but the principle remains sound [51].
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Experiential Analyses:
Experiential analyses are an analytical method through which a designer develops their own
hypotheses about their own experiences. This can be seen in practice with several fundamental
design research texts [4, 5, 18].

The experiential analyses could collect data through an

ethnographic study, interview, survey, or any of the other methods.

Case study as a method focuses on all the phases of research: (1) problem definition, (2)
formation of hypothesis, (3) data collection, and (4) data analysis.

This makes it a

comprehensive method which is ideal when used in situations where the contextual details are to
be analyzed, but the phenomenon is not distinct from the context [41]. This means that the
hypothesis being investigated may be dependent upon the environmental variables which may be
difficult to control and analyze; this introduces a large number of variables into the study. In fact
the variables may well exceed the relevant data collection parameters [28].
Though inclined towards qualitative methods, case study is not solely a form of qualitative
research; it is an empirical method which can serve both quantitative and qualitative research
needs depending upon the study [15]. Case studies can be applied in a wide variety of situations
and then generalized to include other cases because in general they do not enforce sample logic
[28]. Sample logic is the assumption that data collected only applies to the data set from which it
was extracted. Additionally, case studies can be applied to several cases in multi-case studies
using the same rules and method to develop a more broad fundamental research base. Along
those same lines, case study method also strives for triangulation of data using various methods
and techniques in order to validate results. Given the potential lack of rigor in the method, due to
control factors or otherwise, this serves as self corroboration and lends more supporting data to
the argument being made. Case studies can therefore be applied with several goals in mind,
including description of phenomena, testing hypotheses, and generating theories. This requires
implementation at more than one level of analysis [15].
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Though case studies have clear benefits for certain types of research, most notably those
with difficult to control environments and small data sets, there are several arguments against
them.

Therefore, it is necessary to evaluate those shortcomings and summarize a plan to

address the concerns. The primary criticisms of case study research are:

•

That conclusions cannot be generalize from a single case

•

That they lack rigor

•

That they are inherently biased
These concerns are now addressed individually, first justifying the use despite the concerns and
then demonstrating how the research addresses the concerns to minimize the possible effects
[41]:

Conclusions cannot be generalized from a single case
This asserts that case studies cannot be used to generalize conclusions due to the fact that they
do not work with a statistically significant data set. Case studies are conducted this way due to
limitations in the situations they attempt to study and the difficulty in recreating the experiment
due to uncontrollable variables.

However, case studies are not working towards statistical

generalization, but rather towards analytical generalization. Thus, the goal of case study is not to
propose universally valid theories, but rather propose theories which are valid for a distinct set of
situations [28]. Instead of a large set of consistent data, a small set of supporting conclusions
and independent validation of those conclusions suffices. However, it is nonetheless a valid
concern that a case study may reach a false conclusion due to limited misrepresentative data.
Thus, in order to address this concern, additional and independent case studies are used to test
any conclusions drawn from the first.

The first case study is chosen to ensure design

environment diversity while retaining consistent characteristics between each of them. These are
determined to be critical characteristics which allow the research to focus on unique details
relevant to the research questions which would not otherwise be possible [28]. The subsequent
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case studies are chosen to be representative of the case studies defined domain, which in this
research is mechanical systems design. In this way, the case study is kept rigorous without
becoming unwieldy. Furthermore, to maintain rigor, falsification logic is implemented. The case
study strives to disprove its own assertions; if a theory is not true for a single case then it cannot
be generalized. In this way the case study can efficiently find the cases which disprove it and
thus it is possible, with relative certainty, to generalize from a single case [47].

Case study research inherently lacks rigor
This complaint declares that case studies do not have a rigorous and systematic method; this
assertion is made because not all case studies follow a single rigidly defined method such as the
scientific method. This is more a fault of the researchers conducting case study research and of
misperceptions of case studies in general. Some researchers take short cuts which lack rigor
and this reflects badly on the process. Additionally, research case studies are often mistaken for
teaching case studies which serve an entirely different purpose [28]. While it is true that case
studies do not have a rigidly defined method, there are guidelines meant to assist in creating
rigorous and applicable methods for specific cases. A single method does not fully meet the
needs of case study research due to the high degree of study variability. This means that case
study methods have a prescriptive systematic approach which is tailored to the situation at hand.
To address this concern, this research systematically defines the case study method to be
rigorous within the limitations of the research questions.

Case studies are innately biased
This concern arises from the assumption that case study conclusions are influenced by the
subjectivity of the researcher and are hence biased. However, it is also true that most research
methods contain some degree of subjectivity, including the scientific method [52]. Two critical
tools available to limit subjectivity biases in a case study are falsification logic and data
triangulation [41]. If a researcher is trying to prove the suppositions false, then the research is not
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biased to prove the validity of their preconceived notion; this reduces the chance of bias.
Furthermore, the triangulation method is used to ensure that data must converge to provide
coherent conclusions. If one set of data does not match then, via the falsification logic, the theory
is once again disproved [28, 45]. Case study research method is effective at mitigating bias and
thus both of these principles can be applied to this research.

Case studies have now been described in terms of their capabilities, methods, limitations,
and merits.

With this information, the next step is to design a case study to meet the

requirements of this research, answer the research questions, help determine relationships
between the prototype factors, and develop guidelines based upon the project factors to be
deployed in the process developed in Section 2.3.

4.2 Overview of Case Study Design
All data pertaining to prototype and project factors is collected within the case study to be
used to develop the relationships and rules necessary to implement the prototyping process
outlined in Figure 2.5. Thus, it is necessary to design the case study to collect research relevant
data in a rigorous manner with minimal bias. The case study method consists of three general
phases: (1) Definition and Design, (2) Preparation, Collection, Analysis, and (3) Analysis and
Conclusion. These are portrayed along with a more detailed description in Figure 4.1.
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Figure 4.1: Case Study Method [28]

The case study theory is first derived to focus the study on the research questions and
goals outlined in Chapter 2. Cases are then selected to provide the necessary information and to
provide several sources of information which can be compared in accordance with the
triangulation principles. Case studies are then performed and summarized in accordance with
the protocol developed in Chapter 5. Finally, the individual studies are then compared against
one another to draw conclusions based on the theories developed from the research questions
and goals. The theories are then modified if necessary and the conclusions are implemented.
Ultimately, the final results, conclusions, and policy implementations are summarized in the
cross-case report.
There are similarities between this prescribed case study method and the scientific
method, with the exception being in the data collection methods utilized [41]. Case study method
emphasizes the formulation of hypotheses before the study is undertaken and reporting all results
of the study, whether they prove the initial hypotheses or not; this is once again in line with
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falsification logic. However, among the stages of the case study method, the design of the case
study is arguably the most important. This foundation forms the basis from which the rest of the
study is conducted and thus an error or oversight at this stage can result in greatly diminished
study quality [41]. The data collected from the study must logically connect to the questions
being asked. Thus it is important to consider five aspects of the research when designing the
case study:

•

Case Study Questions

•

Case Study Propositions

•

Units of Analysis

•

Logic Linking Data to Propositions

•

Criteria to Interpret Case Study Results [28]
Case study questions are normally ‘how’ or ‘why’ type questions which need to be

articulated to give the study direction.

Case study propositions are a way of limiting the

parameters of the study to focusing on specific aspects of the process which are relevant to the
questions being asked. This is necessary due to the large number of variables in play and thus
the large number of potential research objectives. The units of analysis, the implicit definition of
the case being studied, are the components being studied by the case study and represent the
information that is to be extracted. The logical linking of data to propositions is a critical step in
case study design, allowing the data collected to be related back to the questions being asked.
Without a clear idea of how these two components of the research are related, it is impossible
formulate conclusions. Finally, the criteria to interpret the case study results need to be classified
in order to validate or disprove the hypotheses generated earlier. If there is no clear method of
interpreting the data collected, then conclusions cannot ultimately be reached. This is the critical
component of case study research and care must be taken that there is a logical interpretation for
data collected that ultimately relates back to the questions asked.
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The logical linking of data to propositions needs to be explained in more detail. There are
three accepted strategies of accomplishing this task [41]. They are:

1. Relying on case study proposition formed in the initial stages
2. Formulating rival theories
3. Forming descriptions for organizing the findings [28]
Methods one and three require iterative evaluation of proposed hypotheses using the
interpretations of the data logically linked to the case study propositions. This is a process of
analytical generalization and is elaborated in Figure 4.2.

Figure 4.2: Iterative Method for Evaluating Theories with Case Study Data [28]

Samples or subjects collected during the course of the study are used, respectively, for
experimental or survey purposes. Solid lines represent true conclusions when comparing the
results against the initially proposed theory, while dotted lines are false conclusions.

Study

results that verify the proposed theories lead to implementation of measures to account for them,
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while results that implicate a rival theory lead to the generation of a new theory. This new theory
requires either a new study to validate it or supporting evidence within the previous study as can
be seen in Figure 4.2.
Following the edicts of falsification logic, the propositions are evaluated using the case
study data and rejected if they prove false in any of the cases being investigated.

Then

alternative propositions are asserted and again evaluated until a proposition is shown to be true,
the questions are invalidated, or the third strategy is determined to be necessary. The third
strategy of linking data to the propositions is more generic and does not have a solid analytical
basis. This involves forming a descriptive case. A systematic analytical method is not used, but
a report is submitted which analyzes components of the study independently using analytical
techniques such as:

•

Pattern Matching

•

Explanation Building

•

Logic Models

•

Time series analysis

•

Cross-case synthesis [28]

These techniques can be used only on multi-case studies and lack some of the logical foundation
of the other two strategies. However, they can be useful when the complexity of the study or
mitigating factors make the other two impractical.
Now that the design of case studies has been discussed it is possible formulate the
details of the case study undertaken. Chapter 5 focuses on the design of the case study and its
implementation throughout the rest of this report. Furthermore, it discusses the details of the
research plan and how they apply to the case study.
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Chapter 5: CASE STUDY PROCEDURE DEVELOPMENT

In order to develop the case study, the system outline in Figure 4.1 is applied step by
step to meet the requirements of this research. Thus, this study attempts to extract and organize
information regarding prototype and project specific factors. This allows the determination of
relations between the prototype factors and the development of a set of rules to describe the
augmentation caused by project factors. First it is prudent to reiterate the problem:
While prototyping is almost universally employed in the design process and its roles
relatively well defined, there is not a sufficient understanding of the relationship between design
needs, prototyping roles, and prototyping options or there interaction with project specific factors.
This means the application of prototyping is based on experience and guess work. This research
seeks to determine effective relationships between those factors for mechanical systems by
analyzing common variables. For a more detailed description of the problem statement see
Section 1.1. This problem definition leads to the research questions which were laid out in
Section 2.1 and repeated here.

I.

What are the primary roles and design needs of prototyping in various design
environments?

II.

How is the application of prototyping affected by the design methods of the various
organizations involved?

III.

How do the collaborative interactions between organizations influence the process?

IV.

How do these different methods and outlooks affect the determination of
effectiveness of a prototype?
a. How do skills and expertise available to a development team affect the outcome?

These are all ‘how’ and ‘why’ questions which are best answered by a case study which requires
multiple dimensions of study in the coming case. From these questions it is necessary to develop
a theory.
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5.1 Develop Theory
The propositions of the case study are derived from the research goals and questions put
forth in Chapter 2. From these there are two primary theories asserted which the case study is
meant to evaluate. They are:

1. The most effective prototype at any point in a mechanical systems design project is
dependent upon many factors related to the prototype and the project itself.
2. It is possible to determine what the most effective prototyping option or options are based
on discrete qualitative assessments of these factors within a prescribed classification
system using the prototyping process defined in Section 2.3.
The study focuses on the evaluation of these two statements as they pertain to the primary
research goals to develop an applied prototyping process, developing a set of relations between
prototyping factors, and creating a set of project factor based rules augmenting those prototype
factors. These goals can best be described as a systematic extension of a pre-existing plan of
prototyping [5] meant to increase the applied effectiveness of prototyping in mechanical systems
design. The two propositions can be evaluated simultaneously given an appropriate set of data
from the case study. However, it is now necessary to define that data and how it is collected.

5.2 Design Data Collection Protocol
There are two steps to setting up an effective data collection protocol, collection and
analysis.

There are several sources from which to extract case study data: documentation,

archival records, interviews, direct observation, participant observation, and physical artifacts.
Furthermore, there are three principles which should be followed while collecting the data:

1. Use multiple sources of evidence
2. Create a case study database
3. Maintain a chain of evidence
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Multiple sources of evidence include using multiple case studies and collecting data from
multiple sources within those case studies. Within this research two approaches are taken to
ensure that both of these sources are used.

First, a comprehensive single case study is

conducted using a predetermined design project, chosen based on its relevancy to the research
questions provided earlier. This case study is used to draw conclusions which are internally
consistent. Supplementary prototyping evidence found in the literature, and having information
matching the goals of the problem statement, are then be used to validate those findings in a
cross-case study.

Secondly, the initial single case study is analyzed from three separate

perspectives following the triangulation principle. Given the nature of the design environment, the
most appropriate three vectors are documentation, interviews, and participant observation. This
ensures a direct analysis of propositions through the interviews, design process and expectation
analysis through the documentation, and integral knowledge acquisition through participant
observation in the form of an ethnographic study. The intent is that the individual studies will
converge on singular facts. This fulfills the enumerated requirements of the first principle [28].
Creating a case study database and maintaining the chain of evidence are accomplished
via the same method. The case study is to be conducted for one document, interview, or study at
a time and the evidence is to be articulated into inter-related tables for reference and comparison.
This documents all relevant evidence and categorizes it for later comparison once all sources are
examined. By following this procedure rigorously, all data can be traced back to its original
source, reevaluated, and compared against similar data. Thus all data is catalogued, fulfilling the
second principle, and all evidence is traceable and comparable, satisfying the third principle [28].
Now that the three principles are satisfied, it is necessary to determine what data is collected.
There are few guidelines to determine what evidence is necessary in a case study due to
the fact that it is dependent upon the research being conducted [28]. Thus it is necessary to
determine from the research questions and propositions what data is relevant to obtain.
Considering this, there are essentially two elements which can be taken into account when
collecting data from this case study in order to accomplish the research goals, effects and
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measures. Effects are defined as factors which affect the working order of the design project.
Measures are details which define various aspects of performance so that they can be measured.
The effects and measures are both drawn from the problem statement and case study
propositions to serve as the basic units of analysis for this study.
The effects of the prototype and project factors are distinct. The prototype factors effects
are defined in Chapter 3 as design needs, prototype roles, and prototype options. The project
factors effects are derived form the problem statement, case study propositions, and a literature
survey of the common project specific factors which affected prototyping [1, 3, 4, 5, 6, 7, 9, 17,
18, 20, 36]. In this survey of literature, care is taken to ensure that factors which could be used to
explicitly describe a prototype are not utilized as project factors. The project factors effects are
listed in Table 5.1.

Table 5.1: Project Specific Effects for Case Study
Project Specific Effects
Project Details
Project Constraints
Collaboration
Expertise
Project Goals
Budget
Technical Level
Team Size
Design Methods
Other
Situational

In Table 5.1, the primary categories of the project specific factors are maintained, details and
constraints. These trends focus on success and prototype dependence to allow them to be
related back to the prototype specific factors and be compatible with the prototype method
developed in Chapter 2. During a literature survey to identify taxonomic classification systems
and methods of evaluating prototype effectiveness in the design process [1, 2, 3, 4, 5, 6, 7, 17,
20, 23], three project specific measures relating prototype success and dependence were
identified which could be used to define the relationships needed to implement the prototyping
process. First, prototypes must have a positive effect on the design process and thus measuring
prototype success is of utmost importance. Secondly, a project could have a variable degree of
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reliance upon prototyping which could depend upon several project and prototype factors while
having a bearing on overall project success, thus it is important to measure reliance. Finally,
prototypes can have a varying degree of interaction with the rest of the design process,
independent of the degree of project reliance upon them, which could indicate the relative degree
of necessity for prototyping within the project. These three measures are needed to define the
project specific factors due to the need to gauge and categorize the interaction of prototyping with
the project. They are:

•

Relative success of a prototype

•

Degree of reliance upon prototyping

•

Interaction with other design methods

Prototype specific factors do not need to be compared relative the design project itself due to
their direct relation to the selection of prototype options. Thus, prototype options need only be
gauged for their relative success pertaining to the design needs and prototype roles.
These effects and measures focus on discrete details which can be used to categorized
statements made or assessed in the case study. An example of how the detail effects and the
measures are organized for comparison within a single case study is seen in Figure 5.1. The
measures are qualitatively rated by how they are affected by the effects as high, neutral, or low;
these are represented by +, 0, and - respectively. By using only these absolute assessments,
bias is reduced as to the effectiveness or degree of interaction. Finally, the types of prototypes
being interrogated for these assessments are preserved by the schema presented in the legend
of Figure 5.1.
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Figure 5.1: Example Data Collection Table for Project Factors Effects and Measures

Figure 5.1 represents the likely outcome of a single interview or document analysis. The
example data shows a clear proclivity for exclusive use of basic system level physical prototypes,
as indicated by the solid black diamonds. It also shows relatively low overall prototyping success
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due to the average qualitative score of -0.3 in the relative success column.

Despite low

prototyping success the table also demonstrates high reliance upon prototypes with an average
qualitative value of 0.8 in the prototype reliance column.

Finally, the high reliance and low

success are accompanied by neutral interaction with design methods, as is indicated by the -0.1
average interaction value. It is possible to do further and more specific analysis, but not justified
at this time; it is clear how the data is to be stored and interpreted. Once again this table is only
an example, but it is not entirely populated and this can be expected for most sources of
evidence.

For this table, data is collected from the individual sources based upon specific

statements regarding independent prototypes in each. For example, from the primary case study,
the interview of Joshua Summers returned the following statement:

st

“We had 1

generation lunar wheels built by the senior design students that we

oversaw… The reason that most chose physical prototyping and limited analysis was due
to the complexity of the system. Though there were some attempts at virtual prototyping:
the bristle analytical models were moderately useful and the cylindrical models were
almost moderately useful. However, it proved more productive for the students to build
physical prototypes, especially during this early conceptual stage of design.”
Additionally, when asked if anyone had been capable of performing the virtual modeling, the
response was:

“I’m not sure our graduate students are capable of that. A lot of the issues are involved
with connections and friction, and it is by no means a straightforward monolithic
analysis… The spring prototypes, yes. The monolithic bristle, yes, the assembled bristle
could be done, but it would be computationally expensive. I don’t have confidence in
people’s ability to model the helical coil. There are a lot of assumptions and you’d need
lots of empirical data.”
From these statements there is clear data on two separate types of prototypes, the first
generation physical lunar wheels and virtual models of those wheels. For those two types of
prototypes there is analysis relevant information on technical level, collaboration, project goals,
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and expertise. There is a relatively high technical level for the virtual modeling because the
interactions are not well understood while there is a lower technical level for the physical
prototyping due to the fact that the system need not be fully understood. There is some degree of
personal and departmental collaboration with those teams as can be seen in the first statement.
The project goals are defined as being consistent with an “early conceptual stage of design”.
Finally, expertise is established by defining the design team as students without enough
experience to perform some degree of complex analytical modeling. However, this information
must further be utilized to determine the relative success, reliance, and interaction as it pertains
to each effect. It is not always possible to identify corroborating statements for each measure,
but another statement from the interview with Joshua Summers was:

“The flipside, when it came to the cylindrical springs we did all of the virtual prototyping
and analytical modeling. That was a major challenge to correlate the analytical models
with the experimental data from the physical builds because the physical build details
which were critical to the modeling were not obvious: specifically the liaison flexibility and
how the cylinders were connected. That little bit of play and tolerance gap in the liaisons
and the strength of those connections were important for accurate modeling.
Additionally, material properties were not well know or properly given. There was some
communications failure but most of it was that we did not really know about all the
interactions; we thought we knew the implications, but when we compared the virtual
models to the experimental they didn’t perform the same.

This exposed issues not

evident in either the physical or virtual prototypes individually, so the two together were
greater than the whole.”
This statement indicates a high degree of reliance upon physical prototypes due to the high
technical level of the system, the stage of the design process, and the low expertise of the teams.
Additionally, the physical prototypes are identified as being successful due to the high technical
level and the low expertise; likewise, the virtual models are characterized as unsuccessful for the
same reasons. Collaboration on some scale is identified as a source of miscommunication which
resulted in reduced success of virtual models and lack of materials is stated as a constraint in the
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development of virtual and physical prototypes. Finally, a high degree of interaction, due to
system complexity, between the physical and virtual models is revealed by the final statement,
which is indicative of high method interaction as a result of the technical level. This sampling of
the interview has thus provided the information tabulated in Figure 5.2.

Interaction with Methods

-

0
+
-

+

+
+

+
+

+
-

+

Relative Success

Degree of Reliance

Measures

Departmental

Detailes

Collaboration
Personal
Concept Dev.

Project Goals

High

Technical
Level
Constraints

0

Medium
Low

+

Related

Expertise

Unrelated
Materials

Other

-, 0, + = Negative, Neutral, Positive Interactions

Figure 5.2: Example Project Factor Data Collection from Joshua Summers Interview

In Figure 5.2 some interactions are shown to be neutral. These neutral interactions occur when
they are explicitly stated to have had no effect, or as in this case, when the interaction is implied
but not explicitly defined by the interviewee.

For example, the final statement implies a

relationship between departmental collaboration on physical prototype success and concept
development on virtual prototype success, but it does not make a positive or negative distinction.
However, interactions are explicitly stated for the other prototypes in both cases, which indicate
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that the interactions were not as important for those relationships.

Therefore, a neutral

relationship is safely assumed for these interactions. All data collection is carried out in this
matter extensively for each source document, interview, or study. Statements are selected which
contain data and then interpreted in accordance with the effects defined by the study survey in
Section 6.2.
After data is collected from all cases and sources of evidence, it is possible to form an
aggregate table with a greater population density and more information from which to draw
conclusions pertaining to the propositions and questions presented.

Aggregated results are

weighted by the number of relevant responses received during the course of the study. For
example, all documents, interviewees, and other studies may mention the performance of
organizational collaborative design while only a few may mention the technical difficulty and
relative performance. Thus, all cumulative values are integrated by the number of responses.
The number of responses may represent a strong confirmation of the conclusions reached. This
method means that the aggregated data floats between -1 and +1, being negative and positive
correlations respectively, and aids in the conclusions. An example of an aggregate table is
presented in Figure 5.3.

68

+0.1

+0.1

(2)

(6)

(5)

(1)

+0.9

+0.9

-0.9

(2)

(2)

(2)

No High
Technical
Personal
Level Projects
Project
Goals

Concept Dev.
Detailed Design

Low Budgets
(1)
Resulted in
-0.5
+0.5
Reduced Success
(3)

+0.7

-0.7

+0.7

(7)

(8)

(6)

+0.1

+0.1

-0.1

(2)

(3)

(4)

Technical
Level

High
Medium
Low

+0.2

+0.2

-0.1

(2)

(2)

(4)

-0.5

+0.1

-0.7

(8)

(9)

(7)

Planned
Occasional

-0.3

+0.1

(4)

(5)

(3)

-0.3

+0.1

-0.6

(8)

(9)

(13)

+0.5

-0.1

+0.8

(4)

(5)

(3)

+1.0

+1.0

+0.7

Large
Medium
Small

Larger TeamHigh
Sizes are Not
RepresentedMedium
Low
Related
Unrelated

(2)

(3)

(4)

+0.3

+0.8

-0.6

(3)

(3)

(3)

+0.4

-0.5

+0.6

(2)

(6)

(1)

-0.2

+0.8

+0.3

(5)

(3)

(1)

-0.5

-0.7

-0.2

(2)

(6)

(1)

-0.3

-0.7

+1.0

(3)

(1)

(2)

+1.0

+0.3

-0.2

(5)

(3)

(1)

Materials
-1.0

+0.2

-0.7

(1)

(2)

(1)

+0.8

-0.6

-0.2

(3)

(4)

(3)

-0.4

+0.6

+0.4

(2)

(5)

(1)

+0.3

-0.1

+0.8

(5)

(3)

(1)

+0.6

-0.1

+0.4

(2)

(3)

(4)

Other

Design Methods

Methodical

Medium
Low

Organized

Time
Facilities

Legend

None

Situational

Detail Effects

Production

+0.5

High

Team Size

+0.5

Interaction
with Methods

+0.1

Degree of
Reliance

(3)

Relative
Success

-0.1

(5)

Budgets

-0.9

(4)

Expertise

Team

-0.8

Constraint Effects

Departmental

Interaction
with Methods

Organizational

Degree of
Reliance

Collaboration

National

Measures

Relative
Success

Measures

Compressed Timeline
Change in Goals
Change in Constraints

Figure 5.3: Example Aggregate Data Collection for Project Factors
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In Figure 5.3 the positive and negative numbers represent the aggregate average of all
sources and cases. The parenthetic numbers beneath them represent the number of references
within the study. In this table all prototyping classification data is compressed initially. The data
is recoverable later due to the cumulative information tabulation approach outlined in Figure 5.1.
In order to provide an example of how this demonstration table might be interpreted, the boxes in
Figure 5.3 point to certain trends in the data. For example, it is clear that the theoretical case
study did not include high complexity projects or larger team sizes. Furthermore, it is clear in the
example data that low budgets result in reduced success as there is a large sampling and a
negative overall correlation.

These assertions are supported by the example data which is

highlighted in Figure 5.3. This table applies to generic prototypes, but to meet the needs of the
project, more detail is required to segregate the data by prototype classification. This general
template can be further modified to incorporate the prototyping data. This is demonstrated in
Figure 5.4.

Collaboration

Interaction
with Methods

Degree of
Reliance

Relative
Success

Measures

National
Organizational
Departmental
Team
Personal

Figure 5.4: Example Aggregated Prototype Success Table for Project Factors

In Figure 5.4 the most successful prototype classifications for a given interaction with
project factors are displayed. They are based upon pattern matching analysis of the project and
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prototype specific factors. The hypothetical table in Figure 5.4 demonstrates that realistic system
level physical prototypes lead to the most relative success, that there is a heavy reliance upon
basic sub-system level physical prototypes, and that form component level non-physical
prototypes have the most interaction with design methods. As the data is not sufficient to provide
statistical definitions of certainty for the conclusions, these matches vary in certainty. They are
based upon the best available conclusive arguments from the case study. Thus the conclusions
are used to aid in deriving the relationships between the prototyping roles, design needs, options.
The prototype specific information is less complex that the project specific information. It
requires collection of data pertaining to the roles played and design needs satisfied by a specific
prototyping option in order fully define the direct effects on the prototyping process.

This

information is collected for each prototype in the individual sources. This is accomplished by
analyzing each prototype from the individual sources to group them by their respective roles,
design needs, and characteristics. An example of the data collection table utilized for each
source report is seen in Figure 5.5.

Description Success
Example 1

0

Example 2

+

Example 3

-

Prototype Option
Roles Played
Needs Fulfilled
communication functionality develop analytical methods
Variety Physical
unknown factors
evaluate properties
Complexity System
performance characteristics
configure system
Fidelity Detailed
Variety Virtual
develop analytical methods
Complexity Component performance characteristics
optimize design
Fidelity Basic
milestones
Variety Physical
proof of product
customer demand
Complexity Sub-system
refine functionality
Fidelity Realistic
- is unsuccesful, 0 is no effect, + is successful

Figure 5.5: Example Data Collection Table for Prototype Factors

In Figure 5.5, each descriptor can be traced back to the taxonomies developed in Chapter 3 and
each prototype is accompanied by a qualitative measure of how successful it was perceived to
have been. In this qualitative measure, “+” is successful, “0” is no effect on success, and “–“ is
unsuccessful.

Data is collected using the same procedure described earlier for the project
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specific factors. Qualifying statements are identified in the source document and then related
back to the taxonomies developed in Chapter 3. For example, in the interview with Joshua
Summers when questioned about a cryogenic test apparatus, which was to be a one-of-a-kind
prototype test device, part of the response was:

“The choices that we were making in terms of what we were making it out of, 80/20, we
chose it because it allowed us to be flexible and to not fixate on dimensions. It was much
more costly than buying material stock and welding it together, but it allowed us flexibility
and re-configurability. We knew that the design was not going to be exactly what we had
on paper. If we were going to build it we needed to recognize it was better to spend more
on expensive materials and reuse/reconfigure them, than it was to go with a cheaper
solution have to scrap everything.”
From this it is apparent that the prototype in question was to play a role in communicating
configuration, developing the assembly, and refining the functionality. Furthermore, it is apparent
from the context that the one-of-a-kind device would also be a proof of product and that one of
the design needs was to configure the system. Thus, based on this single statement the data
collection for prototype factors can identify three roles and two design needs for the prototype.
They are summarized in Figure 5.6.

Description Success
Cryogenic
Tester

+

Prototype Option
Roles Played
Configuration
Variety Physical
Develop Assembly
Complexity System
Refine Functionality
Fidelity Realistic
- is unsuccesful, 0 is no effect, + is successful

Needs Fulfilled
Proof of Product
Configure System

Figure 5.6: Example Prototype Factor Data Collection from Joshua Summers Interview

It is noteworthy for this example that the success of the prototype relative to the project was never
explicitly stated, but it is considered successful in Figure 5.6.

In order to develop relations

between the prototype specific factors it is critical to have a measure of success for each
individual prototype. This is critical to obtaining the research goals. Thus, in this case, where
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success or failure is not explicitly stated, an effort is made to search the other sources for a
statement of positive or negative success. For this cryogenic tester, that definition is found in the
technical report for “Development of a Lunar Capable Lunar Wheel for Modular Rover System:
Analytical and Experimental Research”, which stated:

“The system was completed in April 2008, shipped to JPL in May 2008, and installed at
JPL in July 2008. Tests are currently being run in the chamber.”
This stated that the prototype was currently in use performing its original design intent. This
implies success of the prototype within the context of the project and thus its success is ‘+’. In
cases where the individual source did not provide an explicit measure of success for the
prototype, it is sought in other documents or sources due to its criticality to the research goals.
This approach is applied universally to all sources and prototypes.
After being collected for each individual case and source, the data is aggregated to
evaluate the strength of relationships between options, roles, and needs based on their relative
success. A tool is developed to aggregate and present the data; an example application showing
the physical prototype options and the prototype roles can be seen in Figure 5.7.
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Figure 5.7: Example Data Aggregation Table for Prototype Factors

Demonstrating how this example aggregated prototyping factor data might be interpreted,
trends in Figure 5.7 indicate that detailed system and sub-system prototypes are effective overall
at fulfilling the roles of prototyping. Likewise, basic system physical prototypes are ineffective at
satisfying the roles of prototyping. Both of these trends are present in the total average data on
the far right columns and are supported by relatively large sample sizes. Some more specific
trends can be seen in the individual roles data.
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For example, with relative certainty due to

individually large sample sizes, it can be said that detailed physical systems prototypes are
effective for learning performance and the unknown, refining processes, fulfilling milestones, and
being used for demonstrations; the data shows positive interactions with the detailed system
physical prototype accompanied by larger sample sizes. Data is aggregated from the case study
in a similar manner and further decomposed by prototype characteristics such as variety (physical
or non-physical), complexity (system, sub-system, or component), and fidelity (form, basic,
detailed, or realistic) to allow more in-depth analysis of the aggregate data.
Example data has been presented here using tools developed for the data collection
process. Furthermore, example trends were also presented to indicate how they are used; this is
a basic pattern matching process which is used in more detail in the cross-case analysis of
Chapter 9. Finally, there is another element of the data-collection process. Certain interesting
information also arises which does not fit within the prescribed data collection methods. Thus,
this information is separately tabulated and documented on a source by source basis in order to
protect the chain of evidence and allow additional investigation of recurring themes. Now that the
collection and organization of the data has been detailed at the source and study level, it is
necessary to define the analysis protocol.

5.3 Design Data Analysis Protocol
Four distinct types of analysis were mentioned in Chapter 4: pattern matching,
explanation building, time-series analysis, and cross-case synthesis. Of those, all are relevant to
this study with the exception of time-series analysis due to the fact that time is defined as discrete
segments of a process rather than as an analytical dimension. However, only pattern matching
and cross-case synthesis analyses are applied within the context of the analysis strategy
proposed.

This is appropriate for the data collection method documented in Section 5.2.

Explanation building is not necessary as it is redundant with pattern matching in this study. Thus,
relying upon the propositions of the case study, the iterative method seen in Figure 4.2 is
applied.
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Pattern Matching: From the propositions, patterns are expected to emerge in the applications of
prototypes when compared against the various prototype and project factors.

This implicitly

supports the basic research goal of defining the relationships between prototyping options, roles,
design needs, project details, and project constraints. Furthermore, the implicit relationships can
be mapped back to the taxonomies and applied in the prototyping process developed.

Cross-Case Synthesis: This is necessary when comparing multiple cases or performing multicase studies. The primary case study does not provide enough data to sufficiently meet the
requirements of the research and thus supplementary case studies are necessary to validate the
conclusions. These supplementary studies are derived from the literature. Thus a cross-case
analysis is conducted using the data collection aggregation methods previously discussed in
Section 5.2 to ensure consistency and to accumulate more data to fill the comparative matrices.

Pattern matching relies upon identifying specific patterns in individual studies or sources
and then validating them through other sources or studies. In the case of this study, four sources
and two studies exist from which to make these comparisons and triangulate the patterns
identified. Interviews are the primary source of information as they are specifically focused on the
research questions and goals. Documents analysis and the ethnographic study, as part of the
primary study, both provide support information and can be analyzed for corroborating patterns.
Aggregating the data from all sources in the primary study allows for pattern matching and the
cross-case synthesis to be conducted simultaneously because the combined data is indicative of
the overall trends found within the study. This analysis is performed differently for the prototype
and project factors, taking advantage of their different data collection protocols.
Analysis of the project specific factors relies upon pattern identification and cataloguing
due to the size of the data set. It is not initially apparent what trends are present in the data.
Thus, all primary data trends must be identified and then compared against the triangulation data.
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Patterns in this data can indicate prototype success, reliance, or interaction with design methods
for various project factors or prototyping options. The data aggregation tool presented in Figure
5.3 allows for the identification of project factors which affect success, reliance, and interaction
while the cross-analysis tool in Figure 5.4 allows for the identification of the effect of project
factors on prototype options. To give an example of how trends are identified, Figure 5.8, Figure
5.9, and Figure 5.10 are excerpts from Figure 5.3 showing trends in the example data.
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Figure 5.8: Example Technical Level Aggregate Data for Project Factors

The example data in Figure 5.8 shows that lower degrees of technical level resulted in increased
prototype success over the medium technical level. However, there is also a markedly decreased
interaction with design methods, which indicates that the relative simplicity required less effort
and coordination in order to obtain a successful prototype.

Thus two conclusions can be

reached: prototyping is generally successful when designs are of low technical level and designs
of low technical level do not require a large degree of interaction with other design tools.
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Figure 5.9: Example Collaboration Aggregate Data for Project Factors

The example data in Figure 5.9 demonstrates that prototypes consistently become more
successful and design projects become more reliant on them as the collaborative level decreases
to closely associated groups. There is no trend discernable from the “interaction with methods”
data. Thus the conclusion can be reached that prototyping is more successful and essential in
lower level collaboration where the participants are integrally involved with each other.
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Figure 5.10: Example Budget Aggregate Data for Project Factors
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The example data in Figure 5.10 demonstrates that low budgets result in decreased measures of
prototyping success while reliance can be high. From this data, it can be cautiously concluded
that prototyping is less effective at lower budgets and design teams should rely as little on
prototypes as possible within their design needs.
The data analysis uses the project data collected in Chapter 6 and Chapter 7 to
generate prototyping guidelines to be applied systematically within the prototyping process
developed in Section 2.3. For the project factors, that data and its accompanying trends are
used to develop guidelines for the application of prototyping in a design environment. To give an
example of how those trends are used to generate rules, from the example data in Figure 5.8,
Figure 5.9, and Figure 5.10, it would be possible to define three potential guidelines:

1. Design projects which could be defined as of low technical level should, as per the
definition in Section 6.2, utilize the prototype which will provide the most information
within their means
2. Design projects involving higher level collaboration should develop prototyping plans
which do not rely upon coordinating participants at a higher level. They should instead
prototype at available lower level partnerships such as individual teams within one or
more of the organizational or departmental participants.
3. Projects with significant budget constrains must be cautious when prototyping by
choosing the option which fulfills the most design needs at the lowest cost.
These example guidelines are general suggestions, derived from empirical data, which aid the
designer in determining a general approach to the prototyping procedure, guideline one,
coordinating the construction and experimentation, guideline two, and refining the final
prototyping options, guideline three. This shows how rules are derived to be applied to the
process defined in Section 2.3 using the guidelines developed in Section 9.2. However, to apply
them within the process, a set of relationships must also be developed from the prototype specific
factors.
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Relationships between design needs, prototyping roles, and prototype options are
needed to reduce uncertainty in the application of the prototyping process developed in Section
2.3. These relationships are derived, with varying certainty, from the prototype factors data.
Once aggregated, the prototyping factors data reveals trends in the success of prototypes while
playing various roles and fulfilling several design needs. An example of how the aggregated data
is presented is provided in Figure 5.7. This example data can be further decomposed by the
variety, complexity, and fidelity parameters discussed in Section 3.2. This is done by combining
the data of the various taxonomic levels in the HMP taxonomy. It is done for the example data
and presented in Figure 5.11, for the physical variety, Figure 5.12, for all physical complexities,
and Figure 5.13, for all physical fidelities. This theoretical data shows various trends which can
be used to establish relationships between prototype roles and prototype options.
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Figure 5.11: Example Aggregate Data for Physical Variety Prototypes

In the example data for physical prototypes presented in Figure 5.11, there is a clear inclination
towards performance, visual/tactile properties, and refining process. Physical prototypes show
other successful applications but these are the strongest positive results with the largest sample
sizes. As non-physical prototypes are absent from the theoretical data, they are not considered
in this decomposition.
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Figure 5.12: Example Aggregate Data for All Physical Prototype Complexities

The example data in Figure 5.12 shows that systems prototypes have success when applied in
the performance, visual/tactile properties, refining process, and milestones roles.

Likewise,

though with smaller sample sizes, sub-systems prototypes have success with unknown factors,
functionality, configuration, develop assembly, refining process, and customer demand roles.
Finally, component prototypes, again with small samples, favor functionality, develop assembly,
and refine process roles.
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Figure 5.13: Example Aggregate Data for All Physical Prototype Fidelities

The example data in Figure 5.13 shows that form prototypes favor configuration, visual/tactile
properties, and develop assembly roles.

Meanwhile, basic prototypes excel at functionality,

configuration, develop assembly, and refine functionality roles. Detailed prototypes perform best
when used in performance, unknown factors, refine process, and milestone roles.

Finally,

realistic prototypes are best when used in performance, refine process, and customer demand
roles.
All this data is theoretical for the purposes of demonstrating how the data collected during
the case study is used to develop relationships between the taxonomic classification systems for
the purpose of being used in the prototyping process. Trends identified in Figure 5.11, Figure
5.12, and Figure 5.13 can then be combined to form an interaction table for the relationships
between prototype options and prototype roles. When specific roles were performed successfully
by more than one variety, complexity, or fidelity of prototype option, the most successful option is
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defined as the default option for that role. When two options were equally successful, as per
sample size and average success, both were defined as options for that role.

This data is

Complexity

Physical

Prototype Roles
Most Appropriate for…
Performance, Visual/Tactile Properties,
Refining Process

Non-Physical
System
Sub-system

Performance, Visual/Tactile Properties,
Refining Process, Milestones
Unknown Factors, Functionality,
Configuration, Customer Demand
Develop Assembly, Refine Process

Component
Form

Fidelity

Prototype Options

Variety

recorded in a table format as seen in Figure 5.14.

Basic
Detailed

Configuration, Visual/Tactile Properties,
Develop Assembly
Functionality, Develop Assembly, Refine
Functionality
Performance, Unknown Factors, Refine
Process, Milestone
Customer Demand

Realistic

Figure 5.14: Example Relationships between Prototype Options and Prototype Roles

The most successful roles, as extracted from the example data, at each tier of the HMP
prototype taxonomy allow for direct comparison against the roles which the designer must fulfill.
Given this configuration, the designer must only determine three characteristics of the prototype,
variety, complexity, and fidelity, based on the roles which would need to be satisfied and how
successful the characteristics are at meeting them. Such a relation can also be developed for the
prototype options/design needs, and prototype roles/design needs, but the example of the
prototype roles suffices to convey how such a task is accomplished. Thus relations between
prototype options and roles, which can be used as part of the prototyping process in Section 2.3,
are established for the example data.
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Once all avenues of analysis have been employed, with relationships and guidelines
established, a series of conclusions relating back to the propositions and research questions are
synthesized. These conclusions use the data to attempt to disprove the hypotheses set forth in
the propositions. Should that prove to be the case, rival theories are proposed and reevaluated
against the case study evidence. This continues until an acceptable theory is able to withstand
the test or it is determined that the premise for the theories is invalid. The four case study
principles of analysis are adhered to:

1. Show all evidence regardless of content
2. Reveal all major interpretations of the problem
3. Cover the most significant aspects of the study
4. Answer as many possible counter arguments to the research
Having established the analytical methods of the case study it is now necessary to create a
template to implement the study design. All sources are subjected to this template to ensure
consistency and negate the possibility of bias.

5.4 Conduct Case Study
The case study uses a generic template for evaluating each source, using the data
collection methods and analysis already discussed. This ensures consistency of the data and
preserves the chain of evidence. For this reason, both sources for the primary case study and
data collected from the literature case studies use the same template. Each interview, document,
and study is analyzed independently for supporting or contradictory data.

The template is

outlined as such:

1. Summary of Source or Case Study: A brief summary of how the source or study relates
and contributes to the research and its content
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2. Comparison Charts: Data is collected which fits within the template of the comparison
charts demonstrated earlier.

These are included in the template to maintain the

consistency of information throughout the study and contain both project and prototype
specific data as outlined in Section 5.2
3. Additional Notes: Not all data fits within the comparison matrices described. This is
where extra information is documented for later use and to maintain the chain of
evidence.

The individual case study reports focus on extracting all relevant prototyping and project
data from the interviews, documents, and studies. Care is taken to extract the information and
tabulate it, but it cannot be assumed to be a perfect translation. The raw information is not
included in the research report, but can be extrapolated from Appendix B, which contains the
source transcripts, using the methods described.

5.5 Draw Cross-Case Conclusions
Having outlined case appropriate units of analysis through comparative matrices,
triangulated data collection using multiple sources and independent studies, implemented
falsification logic through an iterative study evaluation method, and eliminated bias via a standard
analysis template and cross-case analysis, this case study demonstrates sufficient rigor to satisfy
the case study method.
research.

This portion of the case study method embodies the whole of the

It evaluates the problem statement, research questions, and study propositions

through the systematic analysis of the data collected through the study. All that remains is to
select a primary critical case and literary validation cases for the study.
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Chapter 6: PRIMARY CASE STUDY

Having proposed the research questions, developed the theories, and designed the case
study, the next course of action is to choose the appropriate primary study, literary survey, and
sources of evidence. This research was originally formulated around a design project with heavy
reliance upon prototyping, varied design methods, and diverse organizational involvement.

6.1 Case Study Outline
In summary, the project was initially focused on concept development which sought to
design wheels capable of functioning on the moon for a proposed JPL (Jet Propulsion
Laboratory) lunar mobility platform ATHLETE (All-Terrain Hex-Limbed Extra-Terrestrial Explorer).
Terrestrial options were not viable due to the wide-range of harsh conditions encountered on the
moon (Temperature: 40-400K, Vacuum, Solar Radiation Bombardment) and previously utilized
solutions such as on the Apollo LRV (Lunar Rover Vehicle) had significant lifetime limitations (30
km and 5 days). The proposal called for a design which could survive lunar conditions, allow
travel at 10 km/h, and last for 10,000 km or 10 years of service.

Additionally, there were

supplementary NASA flight requirements which had to be met. The materials used could not
outgas (the process of releasing gas when exposed to high temperature or low pressure)
because it interferes with rover optics and the wheels needed the highest possible loading
efficiency (weight carried divided by total wheel weight) in order to allow for more scientific
equipment to be added to the lift-off payload.

The project is ongoing and has thus far

commenced in four separate stages shown in the timeline presented in Figure 6.1.
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Figure 6.1: Timeline of Stage of Lunar Wheel Development

First Generation Concept Development: This was the initial stage of development and as such
there was a great deal of uncertainty. It was determined that it was appropriate to take an
exploratory approach and evaluate the feasibility of designing a wheel using lunar capable
materials and mechanisms.

For concept evaluation, prototype quantity and diversity was

desirable over quality. Also given the high risk of the design project, a cost effective method was
chosen.

A senior capstone design project was conceived to explore the design space and

determine how a wheel might be built to be lunar capable. Five teams of five to six senior and
graduate mechanical engineering students were given course credit, a single semester, and
$1500 which to perform this task. They were provided weekly project meetings with industry
experts and educators to make available technical assistance and keep them on task. This stage
resulted in five physical system prototypes each representing independent designs with enough
feasibility to justify further concept exploration.

In the process of developing those final

prototypes, extensive component and sub-system physical prototyping was also conducted to test
ideas. The final prototypes were largely constructed of metallic and synthetic fabric components
which closely simulated components which could be used. While those materials would not
perform in a lunar environment themselves, they nonetheless demonstrated that materials with
properties similar to those which that could be used were viable for constructing wheels.
Examples of these prototypes are seen in Figure 6.2.
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Figure 6.2: Conceptual Design System Prototypes [53]

Second Generation Concept Embodiment: This stage focused on the further development and
improvement of the previous conceptual designs. This project was undertaken collaboratively
between academia, industry, and government, represented by Clemson University, Michelin of
the Americas Research Center (MARC), NASA Jet Propulsion Laboratories (JPL), and a
European counterpart of MARC (CDM). After completion of the initial design stage, testing was
conducted to determine the durability of the conceptual physical prototypes. This testing revealed
several manufacturing shortcomings which needed to be addressed. It was determined that the
concepts were fundamentally sound and that the basic construction needed to be addressed.
This phase utilized non-physical prototyping to model behavior, analyze failures previously
encountered, and optimize the construction.

Additionally, more component and sub-system

physical prototyping was undertaken to further explore evolutions of the original designs and to
improve construction methods. The final result was two new system level physical prototypes
which evolved from the initial concepts. These prototypes both attempted to approach becoming
fully lunar capable; one utilized glass fiber reinforced polymer (GFRP) construction while the
other was constructed of a titanium allow which is mechanically viable at both cryogenic and high
temperatures. Additionally, both used betacloth, a proven space material deployed in spacesuits,
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as secondary components. However, not all components were yet capable of lunar deployment.
However, this stage approached closer to the final goal of the project. Examples of the two
prototypes developed in this phase are pictured in Figure 6.3.

Figure 6.3: Embodiment Design System Prototypes [53]

Third Generation Improving Performance: This phase continued development of the GFRP
prototype from the previous stage as it was shown under testing to have the most promise.
Clemson University, MARC, CDM, and Milliken Research were the primary investigators in the
continued development. However, unlike the previous stages of design, several problems were
addressed simultaneously at individual organizations.

CDM and MARC worked on the

evolutionary improvement of the wheel using sub-system physical prototypes, non-physical
prototypes, and by developing new system level prototypes. Clemson and Milliken Research
began researching tread development to provide traction in lunar soil; at this stage it mostly
involved attempting to develop non-physical soil interaction models. This stage is still ongoing
with several new detailed system level prototypes having been developed by CDM for testing on
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mobility platform prototypes at JPL. A picture of the most recent detailed prototype can be seen
in Figure 6.4.

Figure 6.4: Detailed System Prototype of GFRP Lunar Wheel

Test Platform and Tread Development: This phase has been concurrent with the continued
evolution of the wheel and its prototypes. As the design has evolved, more rigorous testing has
become necessary to evaluate the designs and test against the original design requirements. To
this end, focus has shifted to testing devices and development of tractive components. Traction
continues to be approached using two different methods: (1) CDM tests tread options on their
prototypes when they undergo testing on JPL’s mobility prototypes and (2) Clemson and Milliken
are engaged in empirical testing of materials using purpose built devices to find viable
alternatives for the lunar surface. Thus this phase involves systems level testing and prototyping
on the part of CDM along with component testing by Clemson and Milliken. Additionally, the
design of test systems has been necessitated, leading to the development of traction and wear
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testing equipment. This test system development has led to more prototyping, especially nonphysical due to the high cost of physically prototyping large devices. An example of a test device
non-physical prototype can be seen in Figure 6.5.

Figure 6.5: Test Device Prototypes and Designs

All stages of the process have employed prototyping. Figure 6.6 shows which types of
prototypes were used at each stage. As can be seen, with the exception of realistic prototypes
almost every type has been deployed.

The reason that a realistic prototype has not been

developed up to this point is due to the fact that flight requirements are stringent and minor
modifications to the design, which do not compromise performance, allow for large savings.
There are more effective ways to allocate the funding than developing completely realistic
prototypes when it is not practical or necessary.
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Figure 6.6: Prototype Options Deployed in Lunar Wheel Development Project

The high dependence upon prototyping and the large numbers of prototypes used for this
project, along with the involvement of several highly differentiated organizations, makes it an ideal
project for the premise of this study. Not only is it well suite to answer the questions, but the
project interactions and outcomes through the various prototyping endeavors are the original
impetus for asking the questions. Thus it is an ideal case to use for the primary study where data
is extracted via interviews, documents analysis, and an ethnographic study. Additionally, several
other case studies are chosen to help fill out the missing information and to assist in validating the
results of the primary study. The details of these sources and studies are covered in Chapter 8.
They are analyzed using the same template established earlier, albeit with minor detail changes
necessitated by the sources.
Now that the case study has been designed and the primary case established, it is
necessary to develop the interview, select documents for analysis, and define the ethnographic
study.

However, in order to continue with the development and decomposition of the data

sources as per the method outlined in Section 5.2, the data collection parameters must be
defined. This is done using an extensive survey of the sources to define the project factors.

6.2 Overall Data Survey
The data collection and analysis method developed in Section 5.2 and Section 5.3
requires that all data be organized into discrete qualitative categories. This is necessary to
compress the data which is to be extracted from the sources into a form which is practically
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usable within the design process.

For example, recording the exact number of parts in a

prototype could be done and would provide a quantitative measure of complexity, but it would not
provide real value and would not be useful when prototyping a different artifact. Rather, using a
relative measure of complexity of the prototype when compared with the intended final product is
more useful. As this study is being qualitatively described in terms of the effects and measures of
prototyping as described in Section 5.2, it is prudent to define those terms and give meaning to
their discrete qualitative measures. In order to do this, a survey of the sources and literature is
undertaken to create a guide for translation of source data into the discrete qualitative metrics.
This is necessary for the data collection process and chain of evidence. First the detail effects to
be elaborated upon:

Collaboration: This effect is defined as the impact of the various organizational and personal
relationships upon the measures [10, 11, 29, 30, 43, 49]. Descriptors of collaboration such as
amount of communication and degree of reliance are numerous, but they are difficult to quantify
in a useful manner.

However, the survey of the sources revealed a significant correlation

between the scale of the collaborative relationship and many of these descriptive characteristics.
Thus the scale of the collaborative relationship is used as the defining characteristic for this
effect. The scales are defined as:

National: The highest level and least intimate form of collaboration. This is an organizational
relationship which spans nations or even continents with different cultures and expectations.
Communication and translation can be difficult, presenting many additional challenges to the
collaborative effort.

Additionally, time may be a factor as these organizations can span

multiple time zones, making direct communication challenging.

However, this type of

collaboration also presents possibilities; when there are no national boundaries, collaborative
partners can be chosen more freely for what they bring to the project. It could be argued that
with more options the quality of the collaboration increases if the difficulties can be overcome.
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Organizational: Another high level of collaboration. An organizational relationship in this
case is one which is relatively local and between two or more completely separate entities.
Cultures and expectations will likely remain drastically different as the result of organizational
practices. This collaboration type can override a national collaboration if the organizations
span two nations but are still relatively local to one another and do not have to worry about
information exchange and trade issues. While communication is no longer as big of a factor
as it once was, translating the expectations and acting upon them in a way which is
satisfactory to both organizations can be difficult in practice. Relationships can be synergistic
and the sum of the parts can be greater than the whole given that partnering organizations
are likely to possess capabilities that the other lacks and are not interested in replicating.
Due to the nature of combining two or more self-sufficient and divergent organizations, the
biggest challenge is developing a mutual understanding and combining all necessary
capabilities in a manner which is productive and fair.

Departmental: This is a common tier of collaboration. Within an organization it is ubiquitous
that various departments collaborate on a single project; the most common example is
management and engineering. These relationships are often well practiced and managed
while sharing a more compatible culture than previously discussed. Expectations remain a
problem as the collaborations are often intimate enough that all sides are highly dependent
upon the output of the others. This means that the process is more information dependent
and is subject to difficulties arising from minor communications failures.

The biggest

challenge at this level is maintaining effective chains of communication and well thought-out
project planning.

Team: This is a specialized type of collaboration which arises within multi-disciplinary design
projects of integrated systems. Two or more teams are justified by the relative complexity of
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multiple integrated systems which each require a dedicated design team. However, due to
the integrated nature, extensive communication is necessary to keep all teams up to date on
the actions of the others. It is at this point that project database management becomes
necessary in order to keep the most recent data available to all participants in real-time. This
results in a constantly changing design environment which could become chaotic without
proper planning and collaboration. The biggest challenges are maintaining real-time design
information and making it readily available while making short-term planning decisions which
maintain focus on the project goals.

Personal: This is the most basic level of collaboration and represents personal collaboration
within the confines of a team.

This tier experiences the same issues as a multi-team

collaboration but not necessarily on the same scale. Given the smaller size and greater
focus on the task at hand, it is relatively simpler to maintain current information and to
communicate it within the team. For this reason there is often more freedom of design given
less dependence upon the work of another team, department, or organization. The biggest
challenges remain effective real-time communication and making appropriate short-term
planning decisions which advance the project towards its goals.

Project Goals:

This effect is defined as the impact of the various project goals upon the

measures. There can be many types of project goals and attempting to define them all would not
be productive given the scale of this research.

However, it is possible to compress the

possibilities into a few discrete project focuses.

The survey found trends which tended to

simplified overall project goals into three categories. Larger single projects may incorporate all
three, but they can be viewed as separate connected internal projects.
defined as:
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These focuses are

Concept Development: These types of projects are exploratory; they seek to evaluate a
design concept or explore a design space. These projects generally aim to generate one of
two distinct outcomes: (1) a conceptual prototype which can be used for testing,
demonstration, or data collection, or (2) a set of conceptual designs to be evaluated against
one another for various metrics of performance. However, this type of project does not
necessarily represent a new idea or concept; it can expand upon a previously developed
concept in order to continue the evolution, test new ideas, or solve problems encountered
before into a design embodiment. The common factor is that the design project seeks to
validate and test an evolving concept up until a detailed design is sought which can meet the
ultimate design requirements. The challenges often lie in the interpretation of the design
needs and developing an understanding of the problem which must be solved in order to find
effective solutions.

Detailed Design: These types of projects continue where concept development ends. Once
a concept has been tested, configured, and determined to have sufficient merit for detailed
exploration, it becomes a detailed design project. Whereas before the goal was to validate
and test the concept, the purpose of these projects is to prove that they can meet design
requirements to fulfill the task for which they are intended. The outcome is often a prototype
which demonstrates all the required capabilities to be considered representative of a possible
production design.

The challenges of these types of projects are developing complex

representative systems with limited resources and solving necessary problems previously not
considered or relevant in the conceptual phase.

Production: These are the final and most detailed classification of project goals. Once a
detailed design has been proven effective, the final production product must be designed
along with the production process.

A detailed design can be proven effective either by

iterations of a previous production example or via a detailed design project. The outcome is
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not only an archetype for the production design but also the design of the entire production
process from manufacturing to assembly. The primary challenge for these projects is often
optimizing for production while maintaining design integrity and performance.

Technical Level: This effect is defined as the impact of the technical difficulty of the project upon
the measures.

Technical level is differentiated by the amount of specialized expertise and

resources which are needed in order to bring a project to fruition. It is not often readily apparent
what the technical level may be, but it becomes apparent upon closer examination. From the
survey, it is prudent to subdivide the technical levels into three discrete measures differentiated
by the amount and difficulty of work which must be performed; they are defined as:

High: This is a project of high difficulty lacking most, if not all, groundwork. It likely requires a
significant amount of research and development starting with fundamental principles and then
translating them into an applicable design. Furthermore, it represents a challenging problem
which requires skilled people and advanced resources to solve. Even so, it might not be
solvable with current technology or methods.

Medium: This is either a project of high difficulty which has been explored with some degree
of success or a project of medium difficulty which must begin at the conceptual level. This
can represent a challenging problem in not approached properly, but is readily accessible
given the appropriate skills and resources. These problems are solvable, but may require
some design creativity and innovation.

Low: These projects are of low difficulty with sufficient groundwork provided. They are not
challenging and should be solvable by almost any design group regardless of expertise or
resources. That is not to say that nothing is to be gained from expertise and resources, but
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they would only serve to expedite the process. These design problems are known to be
solvable ahead of time.

Design Methods: This effect is defined as the impact of the application of design methods upon
the measures. There are many specific design methods and processes which can be used in
product design and development; with experience they are often applied in a somewhat effective
manner. However, it is not possible to evaluate the effect of every design method or process
within the context of this research.

The survey indicates that methods are applied more

effectively when they are used in a more structured method.

Whether this is the result of

experience or the structured application is unknown, but it does demonstrate a correlation
between effectiveness and maturity of design methods used. Therefore, the general amount of
structure in methods or processes is evaluated against their effect on prototyping. The discrete
descriptions of design methods are thus defined as:

Organized: An established and verified design process has been deployed which makes
effective use of applicable methods. Furthermore, it has been tested and modified to work
well with the projects which are normally undertaken by the organization, department, or
team.

Methodical: An established process which makes effective use of applicable methods. It has
been used before and modified somewhat to better fit the project needs. However, it may
demonstrate a lack of concerted effort to account for the design tasks for which it is used.

Planned: A design process is created which makes use of some design tools, but it lacks an
applied foundation and may have several shortcomings. For example, it may overuse design
tools or apply them incorrectly. However, an attempt is made to follow a process to get the
most out of the design.
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Occasional: Design tools are sporadically applied to accomplish certain design imperatives.
These applications may be planned as part of the overall design process, but there is no
systematic and rigid implementation of tools. They are used in specialized circumstances to
varying degrees of effectiveness.

None: Design tools are not applied, are universally applied ineffectively, or are applied to the
detriment of the design project.

Situational: There are some effects noted in the survey that do not fit well within the other
categorizations, but are nonetheless important to the research. These are identified within the
survey and are described below. There is no need to describe metrics for these effects as they
are general in the nature in which they affect the measures.

Compressed Timeline: The timeline is shortened after it has been established and planning
has been implemented and followed. This can result in restructuring of the design process
which can create chaos or eliminate necessary steps. In general, this should result in a
decrease in design quality and changes in prototype utilization.

Change in Goals: This is especially prominent in conceptual design projects where new data
reveals new priorities and results in a shift in project goals. This can have detrimental or
beneficial effects as it can result in important lines of research being disregarded or lead
designers to new lines of questioning which improve the design. This in turn affects the
prototyping measures of the comparative methods used in this research.

Change in Constraints:

These situations occur as a consequence of the evolving

understanding of a design, either from within the design project or outside, which results in
the fundamental redefining of the limits of a design. It can have a large or minimal effect
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depending upon the constraints affected. However, in general it changes design priorities
and thus affects prototyping.

That completes the description of the detailed effects and their aspects. These aspects
tend to deal more with project specifics, but they ignore the constraints placed upon the project
itself. For example, project goals often define constraints, but they are defined as part of the
project and are thus a known detail. Alternatively, the expertise available and budgets are not
explicitly defined by the problem and thus can become limiting factors. These restrictions are the
contained within the constraint effects, as they are not implicit to the problem definition. These
definitions are explicitly derived from the survey and they include:

Budgets: The budget constraint has a significant effect on the options which are available to
designers throughout a project and thus influences the measures. A budget can be described
quantitatively, but in this case it is again desirable to define discrete classes of budgets, based on
the survey, for relative ease of comparison. This is done such that project budgets utilizing
surveyed prototypes fall within the five clearly distinct classes. A funding range of $1500 to $100
million is identified with most prototypes having budgets between the $1500 and $10 thousand.
There is one prototype budget above $100 million, one between $10 million and $1 million, three
between $1 million and $100 thousand, and five between $100 thousand and $10 thousand, with
the majority being budgeted below $10 thousand. The survey is biased towards the lower end of
the cost spectrum and so a logarithmic scale of classifying by budget is adopted. The lowest tier
still contains most of the prototypes, but further segregation at this level would not provide useful
resolution because it is difficult to determine significant differences between closely grouped
budgets. Thus the following scale is adopted for budget metrics.
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Very High: A budget of greater than $10 million in a year.
High: A budget of between $10 million and $1 million in a year
Medium: A budget of between $1 million and $100 thousand in a year.
Low: A budget of between $100 thousand and $10 thousand in a year
Very Low: A budget of less than $10 thousand in a year

Team Size: A team size is determined based on the needs of the project and the allocated
budget, but the survey indicates that it has its own specific effects on the measures. Classes are
created in order to evenly distribute the samples collected in the study.

Large: Greater than 13 people directly involved with the development and design
Medium: Between 12 and 7 people directly involved with the development and design
Small: Less than 7 people directly involved with the development and design

Expertise: Expertise is determined based upon the depth and focus of the organization as well as
any extra-organizational collaboration which may pertain to the project. Based on the survey
expertise is based upon three factors, time, skill, and area of focus.

Personnel with more

experience have greater expertise as do those who show a disposition towards their field, but the
most important factor in expertise is the focus. A materials engineer may have a great deal of
expertise, but they likely lack expertise in mechanical systems design; that expertise in material
science may prove useful, but it is dependent upon the project. These definitions leave room for
interpretation, but for the study, approximations are based on experience and perceived project
performance. Thus the metrics of experience as they pertain to the measures are defined, based
on pragmatic observations of the survey, as:

High: Designer possesses great experiential knowledge and the ability to draw conclusions
based on past experience. Additionally, they have highly developed skills which aid in the
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application of that knowledge in the design process. Their skills and knowledge arise from
experience and a clear proclivity for the faculties required by their field of study.

Medium: Designer posses medium to high experiential knowledge, but may not utilize it
effectively. Additionally, their skills could be classified as average but nonetheless can make
significant contributions to a project via their application. Their skills and knowledge could be
indicative of a bright designer with little experience or an average experienced designer.

Low: Designer possesses low to medium experiential knowledge, but does not effectively
apply it to design.

Their skills are classified as below average and likely cannot make

significant contributions to projects of medium or high technical levels. These skills and
experience are either the result of a novice designer or a below average experienced
designer.

Related: This metric implies that the designers expertise is reasonably applicable to a given
design project.

Unrelated: This metric implies that the designers expertise is not reasonably applicable to a
given design project.

These were measured based on industry experience, level of education, and areas of experience.
There is no definite way to make these distinctions without a focused study on the matter, but
these measures are fairly reliable. For example, an engineer with ten years of experience in
aircraft mechanics with a M.S. is assumed to have medium to high unrelated experience when
working on a wheel.
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Other:

These are constraint effects that are not classifiable in the other effects categories.

Nonetheless the survey has shown them to have a significant effect on prototyping and thus it is
important to gauge their significance through the case study. These other constraints do not
have a qualitative metric through which they are compared, but they almost always present
limitations. Thus they can be evaluated in general by the study. They are defined as:

Materials: Limitations may exist on the materials which are utilized in prototyping for a variety
of reasons.

Among these are differences in the test environment from the actual

environment, material availability due to concurrent development, health hazards,
manufacturing abilities, or degree of project technical readiness.

Time: Time is always a limiting factor. Sacrifices are made in the market if products take too
long to design or they are made in the design if there is not enough time to create an effective
and tested final product. This effect focuses on the limitation of time and how it may have a
positive or negative effect on the three prototyping measures.

Facilities: Facilities include manufacturing resources, technician skills, analysis software, and
a host of other factors. They are the basic capabilities an organization has at their disposal to
put towards prototyping efforts. In this research, limitations of facilities are evaluated for their
basic effects on the measures.

Having completed the description and categorization of the effects, it remains to be
described how they may affect prototyping through the measures established earlier. This is
done by giving a qualitative rating to the measures, as described by:

Relative Success: The relative success of a prototype as defined by the designers and how they
correlate it to an effect. To eliminate interviewer bias this is a yes (+), no (-), or neither (0)
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response.

For example, a designer could believe a prototype was a success due to

organizational collaboration; this is defined as a yes (+) response for that particular effect.

Degree of Reliance: The degree of reliance on prototyping as determined by the designers as it
correlated to a specific effect. For example, a designer could believe they were more reliant upon
prototyping due to time constraints; this is defined as a yes (+) response for that effect.

Interaction with Methods: The extent to which prototyping were perceived to interact with design
methods employed by the design group as correlated to a specific effect.

For example, a

designer could believe there was large interaction with prototyping due to rigid methodical
deployment of design tools; this is defined as a yes (+) response for that effect.
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Chapter 7: PRIMARY CASE STUDY SOURCE ANALYSES

Having defined the metrics by which the measures and effects are evaluated in the study,
it is now prudent to continue with the study on a source by source basis. The explicit definitions
and qualitatively discrete classifications are used extensively to evaluate the sources to the most
exact degree possible and reduce bias which could be introduced by evaluating evidence
independently.

7.1 Formulation of Interview
The most important components of the data collection process are the interviews.
Interviews are key to the case study process because they allow the investigator to focus on a
narrow set of interview questions which revolve around the key propositions and research
questions, while still retaining fluidity and allowing the researcher to extract more key information
as it comes available [28, 54]. For this reason, to obtain research data a focused interviewing
approach is taken. However, in a focused interview the design of the questions is critical to the
success of the data collection [50]. To this ends three principles are followed in developing those
questions: (1) Triangulation of Research Questions and Propositions, (2) Collecting Peripheral
Data, and (3) Consistency between Interviewees [14, 50, 54].

Triangulation of Research Questions and Propositions: Asking the same question more than
once, although in different forms, often leads to dissimilar responses. In these cases, based on
the perception of the interviewee, both responses are true in their own respects but they may not
be answering the appropriate question [50].

Thus it is prudent to posit a question in three

separate ways in order to collect the data and cross-analyze it for redundancies and new
information which may be relevant to the research. This is the primary component of developing
the interview question and care is taken to ensure that each research question and study
proposition is addressed.
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Collecting Peripheral Data: When asking an interviewee specific questions it is common to garner
generic responses which do not address the question. However, this information could prove to
be useful in the study and should not be discarded; in fact, it can often open the study to new
possibilities [50, 54]. Thus, to embody this concept, the questions are, to some extent, open
ended and the interview process encourages some reasonable degree of peripheral knowledge
to be introduced while staying on task and focusing on the initial interview questions.

Consistency between Interviewees: One of the critical factors when interviewing more than one
person is that responses can become inconsistent based on personality, experience, tasks, and a
number of other variables [50]. In order to accommodate this in the interview design phase it is
important to maintain a strict approach to question proposal and to ensure that the questions are
clear and distinct; even so there are always inconsistencies between interviews. This is one of
the evaluation criteria for the formulation of the interview questions.

To embody these principles a systematic and iterative interview creation method is
adopted. The details of the method are depicted in Figure 7.1.

Figure 7.1: Interview Creation Method
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Questions were created and then tested for triangulation with the research questions and study
propositions.

This is then repeated until a valid set is found.

This test for triangulation is

performed via a checklist which can be seen in Table 7.1. Notes were taken whenever an
iterative cycle failed and then the questions were adapted to take into account those
considerations. Throughout each iterative cycle, care is taken to ensure the consistency and the
distinctness of each research question.

This is done through peer evaluation and test

interviewing. This ensured, to the greatest extent possible, consistency between interviewees. It
took approximately six iterations to produce a valid set of questions which met these
requirements. Finally, once the primary research questions had been established based on the
triangulation principle and to provide interview consistency, standard supplementary questions
were added to probe peripheral data.

Table 7.1: Interview Triangulation Checklist
Interview
Propositions
Occurences
Role of Prototyping?
Effective Prototype Dependent on Factors
4
Role Effected by Design?
Factors can be Determined
3
Effect of Collaboration?
4
Influence on Effectiveness?
3
3 occurences needed for triangulation
Question

Interview
Occurences
6
3

The full derivation of the interview questions can be seen in Appendix A, but Table 7.1 shows
the final state where all questions and propositions show triangulation. The final set of interview
questions created through the process was:

1. In your own words, what type of projects do you typically work on?
a. What were your general design goals and imperatives in this given project?
What were your imperatives?
b. Do you normally collaborate on your design projects and with whom do you
collaborate?
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c.

What are you normal budget and resource constraints with respect to prototyping
and how does this affect the way you deploy prototyping practices?

d. What role does prototyping play in your design method and what other design
tools and methods do you employ?
i. What are the benefits of prototyping?
ii. How integral is prototyping to your design method?
iii. How do you use it in conjunction with your design tools? What does it
contribute to design methods and which does it use?
e. Have you ever used prototyping and wished you had not?
f.

Have you ever not used prototyping and wished you had?

2. With regards to this project, which related prototypes did you build or were involved and
building?
a. How many people were working on it and how long did it take?
b. What percentage of the task was devoted to design?
c.

What percentage of the task was devoted to manufacturing?

d. When did you start and when did you end with delivery?
e. What design tools were employed in this case? Were these used before or after
the build?
f.

What information was gained from the prototyping?

g. Relatively how much, resource wise, was invested?
h. Was it more or less than past experience given the scope of the project?
i.

How was it invested?

j.

What expertise and analysis tools were available to you throughout the effort?

k.

Internally, what was your collaboration method and how closely did you work?

l.

How did this prototyping experience differ and how was it the same from other
projects?

m. Thus far, how successful has this project been, relatively speaking, and how
much of that success can be defined in successful prototypes?
3. How did collaboration with the other institutes change the process from your side?
a. Which partner would you say has been most influential in the design process?
Why?
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
c.

Has the collaboration made this project more successful in any way?

d. Has the collaboration made this project less successful in any way?
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e. What were the difficulties in coordinating the collaboration effort which inhibited
it?
f.

Do you see any ways that improving the collaboration model would have helped
in this project?

In order to add as much depth as possible to the interview process, the interviewees are
chosen for their varied backgrounds and experience levels. However, they are all participants in
the project and thus have common knowledge. Despite the study being focused on the lunar
wheel development project, it is important to garner information and take advantage of the
experience of the interviewees.

To this ends, all information garnered from outside of the

development process is also utilized in investigating the propositions and questions. The specific
interviewee’s backgrounds and what they contributed to the study are discussed in the relevant
interview source summaries.
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7.2 Interviews
Interviews followed the template established in Section 7.1 and are conducted on five
members of the lunar wheel design team with distinct backgrounds and roles. This provides an
ability to examine the study from multiple perspectives and garner additional information which
would not be available within a more closely related group of interviewees. The relationships of
the interviewees, organizationally and departmentally, are depicted in Figure 7.2. The CDM
participants are not interviewed, but their liaison at Michelin, Bart Thompson, is interviewed.

Figure 7.2: Organizational Relationships between Participants

From Figure 7.2 it can be seen that all organizations, with the exception of CDM, are
represented. This includes the primary liaisons at all three institutions. Furthermore, there are
four participants from Clemson University representing various levels of involvement and
prototyping experience. This provides a broad representation within the primary study from which
to draw conclusions. The full transcripts of the interviews are provided in Appendix B.
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7.2.1 Joshua Summers
Summary: This interviewee is an Associate Professor of Mechanical Engineering at Clemson
University whose research focuses on Design Representation and Interpretation; he has been on
the faculty for seven years. He is one of the original team members, currently heads the project
at Clemson University, and has played a large role in acquiring continued funding for the project.
He has intimate knowledge of most aspects of the project at Clemson. Additionally, he functions
as Clemson’s primary liaison with JPL and MARC, which gives him insight into the overarching
collaboration between the organizations and the avenues being explored by those partners.

Comparison charts: This interviewee explicitly mentions and puts forth classifiable data on four
distinct prototypes. Their interactions are tabulated in Table 7.2 and Table 7.3.

Table 7.2: Prototype Factors Data in Interview with Joshua Summers
Description Success
Mud Tester

-

Cryogenic
Tester

+

1st Gen
Lunar
Wheels
2nd Gen
Wheel
Model

+

+

Prototype Option
Roles Played
Milestone
Variety Physical
Develop Assembly
Complexity System
Refine Functionality
Fidelity Realistic
Configuration
Variety Physical
Develop Assembly
Complexity System
Refine Functionality
Fidelity Realistic
Performance Characteristics
Variety Physical
Unknown Factors
Complexity System
Configuration
Fidelity Basic
Variety Non-Physical
Performance Characteristics
Complexity System
Customer Demand
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Evaluate Properties
Proof of Product
Configure System
Evaluate Properties
Proof of Product
Configure System
Develop Analytical Models
Evaluate Properties
Conceptual Design
Evaluate Properties
Configure System
Optimize Design

Table 7.3: Project Factors Data for Interview with Joshua Summers

National

+_
-

Organizational

Collaboration

High

Budgets
+

-

+

Very Low

-

0 +

+

0

Production

Detail

High

Technical
Level

Medium

-

Low

Design
Methods

0 +
+

+
-

Small
High

0

Expertise

Low

Methodical

Unrelated
+

+

None

Change in Constraints

0
0
+

Compressed Timeline
Change in Goals

0

-

+

+
+

+

-

+

+

-

+

0
+
+

+

Other

-

+
-

+

-

0
0

+
0
+

+
+

+
0

-

0
-

0
+

+
+

Time
Facilities

+
0
+

Materials +

+
0
+

+

Medium

0

Related

Planned

-

Medium

Organized

Occasional

Situational

Team Size
Constraint

Detailed Design

+

Large

Concept Dev. + + + + +

Project Goals

Medium
Low

+

+

Personal

Degree of Reliance

Relative Success
Very High

+
+

Departmental
Team

Interaction with Methods

Measures

Interaction with Methods

Relative Success

Degree of Reliance

Measures

+

-

+

0

-

-, 0, + = Negative, Neutral, Positive Interactions

0

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

Moderate to low overall success with a moderately high degree of reliance on prototypes.
There is some interaction of prototyping with design methods.
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2.

Varying types of collaboration, high project variability, moderate technical levels, small team
sizes, low and unrelated expertise, low budgets, and facilities and materials limitations
characterize the typical design environment.

Applicable Comments
1.

Projects tend to have an educational focus on learning and experimentation as is indicated
by the low levels of expertise

2.

In the case of physical prototypes, small team sizes result in the task being back-loaded on
the manufacturing side.

3.

Had access to good facilities and a variety of capabilities, but given the organizational
structure they were hard to access.

4.

Cultural and communications problems permeated higher level collaboration efforts.

Outcome Summary
1.

Facilities and expertise were an ever present limitation; they resulted in reduced success and
inevitably resulted in a shift in focus to lower technical level projects in order to remain
relevant to the larger project.

2.

Time constraints resulted in less design process formality and a shift towards flexible
prototyping methods which afforded adaptability. This was a successful adaptation which
allowed the team to meet high goals with significant limitations.
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7.2.2 Jaret Matthews
Summary: This interviewee is a Systems Engineer in the Robotic Hardware Systems Group at
JPL in Pasadena, California with five years of industry experience, all of them at JPL. He is the
systems engineer for the ATHLETE lunar mobility project and the de facto customer for the lunar
wheel system being developed. He is also the project expert on flight constraints and extraterrestrial system requirements. He functions as JPL’s liaison with Michelin and Clemson, which
gives him a breadth of the activities of both. Finally, given JPL’s unique capabilities regarding
space flight, he is able to provide unique testing platforms, apparatus, and insights.

Comparison charts: This interviewee explicitly mentions and puts forth classifiable data on four
distinct prototypes. Their interactions are tabulated in Table 7.4 and Table 7.5.

Table 7.4: Prototype Factors Data in Interview with Jaret Matthews
Description Success
MSL Flight
Module

no
data

ATHLETE

+

2nd Gen
Helical
Wheel
Helical
Virtual
Model

-

-

Prototype Option
Roles Played
Variety Physical
Unknown Factors
Complexity System
Milestone
Fidelity Realistic
Performance Characteristics
Variety Physical
Unknown Factors
Complexity System
Refine Functionality
Fidelity Basic
Milestone
Variety Physical
Customer Demand
Complexity Sub-system
Refine Functionality
Fidelity Detailed
Variety Non-Physical
Performance Characteristics
Complexity System
Fidelity Form
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Proof of Product
Configure System
Evaluate Properties
Conceptual Design
Configure System
Evaluate Properties
Proof of Concept
Develop Analytical Methods
Optimize Design

Table 7.5: Project Factors Data for Interview with Jaret Matthews

Very High
+

Organizational

Collaboration

+

-

Personal

Budgets
+
+

0 +
+
+ +

+
+
+

+

Detail

0

+

+

+

+

+

+

-

+

0 +

-

-

+

Low

Constraint

-

High

Team Size

+

0

0

0

+
+

-

+ 0 +

0

+

0 +
+ 0 -

0 +
+ +
- -

0
+
+

Materials 0

0

+

0 +
+

Medium
Low
Related

-

Unrelated

Planned
+

-

+

+
+

+
+

+

None

Other

Time
Facilities

+

Compressed Timeline

Situational

0 +

+

0

High

Methodical

Occasional

+

0

Medium
Small

Expertise

Organized

Design
Methods

+

Large

Production

Medium

0

+

Very Low

Detailed Design

Technical
Level

Medium
Low

+
+

Concept Dev.

Project Goals

+

High

Departmental
Team

Degree of Reliance

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
National

Interaction with Methods

Measures

Measures

+

-

+

0 +

-, 0, + = Negative, Neutral, Positive Interactions

Change in Goals
Change in Constraints

0 +

-

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1. For research projects there is a moderate to high overall success with a high degree of
reliance on physical prototypes.

There is some interaction of prototyping with design

methods due to system integration concerns. Flight projects are highly dependent upon non-
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physical prototyping and there is an exceptionally high degree of interaction with methods
due to safety and risk concerns.
2. Projects are characterized by high variability in almost every aspect dependent upon budget
allocations.

There is a high degree of internal collaboration and organizational

independence, but the organization possesses a relatively high degree of focused expertise
and exceptional prototyping facilities with access to almost any materials which may be
needed. Only partners with exceptional and unique capabilities which are difficult to replicate
are sought.

Applicable Comments
1.

Projects tend to have a development focus as is indicated by the high variability in projects
and generally high levels of specialized expertise.

2.

Physical prototyping is used almost exclusively for demonstration with some limited testing
aimed towards demonstration purposes.

Non-physical prototypes for flight projects are

exclusively purposed for research and analysis.
3.

This organization focuses on developing prototypes as functional and deployable devices.
Virtually no system is ever built twice. Additionally, being a government institute, they are
reliant upon budgets of at least $250k to cover overhead costs unless collaborating with
academia.

4.

Non-physical and physical prototypes are best when used together, but in general, system
prototypes are not useful for engineering purposes. Component prototypes provide reliable
engineering information at lower cost, while systems excel at demonstration and allowing
hands-on system integration/modification.

5.

Small team sizes resulted in several scenarios where design was back-loaded with
manufacturing prototypes.
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Outcome Summary
1.

Exceptional expertise was the single biggest contribution to prototype success while low
budgets and small teams were the greatest detractors. However, exceptional facilities made
up for some of these shortcomings as small teams were able to overcome low budgets with
quickly available manufacturing abilities and reasonable costs.

2.

Higher level collaboration efforts are impeded by organizational limitations, bureaucracy, and
the protection of intellectual property.

However, they do provide access to capabilities

otherwise not available to the individual partners which they would not seek to develop on
their own.
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7.2.3 Bart Thompson
Summary: This interviewee is an Innovation Engineer in MARC’s Tire Development group with
approximately 15 years of industry experience. He has worked on many pneumatic and nonpneumatic tire projects while at MARC, has been working on the project since the beginning, and
is the wheel expert. He functions as MARC’s liaison with the rest of the development team and
consults on tire mechanics and general engineering. He is also the only liaison the project
consistently maintains with the CDM group in Switzerland, which makes him the only dependable
source of data regarding the newest wheel prototypes being developed. In general, he is well
suited to provide overall project information from Michelin’s perspective and the only one able to
provide adequate information on the newest prototypes.

Comparison charts: This interviewee explicitly mentions and puts forth classifiable data on two
distinct prototypes. Their interactions are tabulated in Table 7.6 and Table 7.7.

Table 7.6: Prototype Factors Data in Interview with Bart Thompson
Description Success
Production
Test Tire

+

Composite
Lunar Wheel

+

Prototype Option
Roles Played
Variety Physical
Unknown Factors
Complexity System
Visual and Tactile
Fidelity Realistic
Performance Characteristics
Variety Physical
Unknown Factors
Complexity System
Milestone
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Evaluate Properties
Proof of Product
Develop Analytical Methods
Evaluate Properties
Proof of Concept

Table 7.7: Project Factors Data for Interview with Bart Thompson
Measures

0

Departmental

+

0

Budgets

+

Medium

Detailed Design

0

Detail

High
Medium

+
+

+
+

0

+

+

+

0

Low
+

Team Size

Medium

+

+
+

+

0

+

+

0

+

+

+

0

Small
High
Medium
Low

+

Related

Methodical

Unrelated

Planned

Materials

Occasional

Time

Other

Facilities

None

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

-

Large

Expertise

Organized

Design
Methods

+

Very Low

Constraint

+

+

Production

Technical
Level

+

Low

Personal

Project Goals

-

High

Team

Concept Dev.

+

Very High

Organizational

Collaboration

Interaction with Methods

0

Degree of Reliance

Interaction with Methods

0

Relative Success

Degree of Reliance

National

Relative Success

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

There are two prototyping focuses, product and concept development.

In concept and

product development, non-physical prototypes are used for detailed design of a well
understood system to obtain desired characteristics, while physical prototypes are used
exclusively for testing and validation. In cases where the problem is not well understood in
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concept development, there is an inclination to produce physical prototypes quickly to
develop understanding. Both are prototype intensive tasks.
2.

There is a moderate to high overall success with a very high degree of reliance on
prototypes. There is a high interaction of prototyping with design methods due to the fact that
prototyping is a planned part of a well developed design method.

3.

Projects are characterized by low variability, internal collaboration and organizational
independence, a high degree of focused expertise, exceptional prototyping facilities, small
teams, relatively high budgets, and a well established design method.

Projects are well

managed for risk and those with high risk, or those that do not match the companies core
competencies, are disregarded.

Applicable Comments
1.

System level prototypes are used exclusively due to emphasis on eventual construction and
the generally well understood problems. Non-physical prototypes assist in physical prototype
design, but physical prototypes are needed to retire risk and move closer to production. They
are both implicitly part of the process.

2.

Non-physical and physical prototypes are best used in conjunction because they each have
their strong and weak points.

3.

Even with resources, expertise, facilities, larger teams, and support personnel, prototyping is
still back-loaded towards manufacturing due to the complexity of the system being developed
and the need for large numbers of samples for testing.

4.

Risk aversion is the key to this environment. Prototyping is conducted within a well mapped
design space and most research goes towards evolution and risk aversion because product
market performance expectations are fairly reliable so long as risk is avoided and a
competent product is produced. Revolution is risky but evolution is dependable and can be
well controlled.
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5.

Facilities and expertise allow cheaper production of prototypes related to the core
competencies of both, in this case wheels.

Thus wheel related research is cheap and

efficient within this environment and incurs little risk.

Developing new competencies is

possible, but riskier the further it moves from the core areas. Thus production research
funding is much higher than concept research funding.

Outcome Summary
1.

Exceptional expertise, facilities, and a well established and followed design method are the
primary contributors to success. However, those focuses and the organization’s embedded
position within a competitive market make product revolution and diversification outside the
market difficult and risky.

2.

The primary obstacles to higher level collaboration are intellectual property concerns and
trust between organizations which have different priorities and methods. There is concern
that organizations do not act in their partners best interests. However, collaboration does
give you access to the core competencies of other organizations which allows access to
them without incurring the risk of developing them internally.
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7.2.4 Beshoy Morkos
Summary: This interviewee is a Ph.D. student in the Department of Mechanical Engineering at
Clemson University who has worked on the project periodically since its inception. His primary
research is in requirements modeling, but he has been working on various design projects since
he participated in the lunar wheel development as part of his senior capstone project. He has
worked on both wheel and test fixture development, and in both of those cases mostly worked
internally at Clemson. He has had limited collaboration with JPL and Michelin. He has academic
design research experience and provides an engineering perspective on the project.

Comparison charts: This interviewee explicitly mentions and puts forth classifiable data on three
distinct prototypes. Their interactions are tabulated in Table 7.8 and Table 7.9.

Table 7.8: Prototype Factors Data in Interview with Beshoy Morkos

Description Success
Cryogenic
Tester
Microsoft
Surface
Prototype
1st Gen
Lunar
Wheel

+

0

+

Prototype Option
Roles Played
Configuration
Variety Physical
Refine Functionality
Complexity System
Customer Demand
Fidelity Realistic
Variety Physical
Refine Functionality
Complexity System
Configuration
Fidelity Realistic
Performance Characteristics
Variety Physical
Unknown Factors
Complexity System
Configuration
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Proof of Concept
Configure System
Aesthetic Evaluation
Conceptual Design
Configure System
Develop Analytical Methods
Proof of Concept
Conceptual Design

Table 7.9: Project Factors Data for Interview with Beshoy Morkos

Very High

Organizational
-

0 +
+

0
0

0

Budgets
+

+
Personal
+

Concept Dev. 0
Detailed Design

0 +
+
+

+

+
+
+

+

Detail

Medium
Low

Design
Methods

+

+
0

+
0
0

Small

+

0
0

-

+
+

Compressed Timeline

Low

+

-

-

+

-

-

0

-

Change in Goals
Change in Constraints

+
+

-

+
+

0

-

Other

+

+

+
+
-

-

+
+
-

-

+

+

Materials -

+

-

+

-

+
+

+

Time
Facilities

+

-

+

Medium

Expertise

+

+
-

High

Unrelated
+
-

0
0
+

Medium

Methodical

None

Situational

Team Size

Related

Occasional

0
-

Large

Organized

Planned

0

+
Very Low
-

High
0

Medium
Low

0
+
+
+
-

Production

Technical
Level

High

Departmental
Team

Project Goals

+

Constraint

Collaboration

Degree of Reliance

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
National

Interaction with Methods

Measures

Measures

-

-, 0, + = Negative, Neutral, Positive Interactions

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

Moderate to low overall success with a high degree of reliance on prototypes. There is a
mixed interaction of prototyping with design methods due to other project factors such as time
constraints.
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2.

Projects are characterized by high variability, focus on concept development, internal
collaboration and extra-organizational independence, limited facilities and expertise, small
teams, and low budgets.

Projects are generally risky in nature with no guarantee of a

functional solution being attainable.

Applicable Comments
1.

Physical prototypes are inevitably the only prototypes with true value outside the project
because they demonstrate progress, either good or bad.

This is a large component of

organizational and higher collaboration because demonstrations become key deliverables.
They are the language which can be used to communicate.
2.

For very complex problems non-physical prototypes are not useful because enough of the
design space is not understood to the point that it can be successfully modeled. This makes
physical prototypes the default option in those situations.

3.

Constraints and requirements in concepts are not important because they ultimately can not
be useful in evaluating the needs. The concept itself aids in redefining these.

4.

Prototypes are not effective when project fundamentals such as goals or constraints change.
Thus it is more effective to ensure these details are as correct as possible before beginning.
Another option is to retain as much flexibility as possible to account for the unknown. This is
especially effective for simple designs where the designers can adapt quickly.

Outcome Summary
1.

Personal collaboration and experience with concept development are the greatest
contributors to prototyping success.

However, limitations in facilities, expertise, project

changes, and funding greatly inhibit prototyping success and general reliance on prototypes.
This is detrimental to the project because physical prototypes are critical to overall success in
development.
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2.

The primary obstacle to higher level collaboration is the difference in organizational focus and
imperatives.

Non-academic institutes must be somewhat risk averse, but academia can

accommodate risk due to its unique approach. Furthermore, too much effort is made to
integrate extra-organizational collaborations. However, due to their different priorities this
can minimize progress.

These collaborations should share information throughout, but

design should only intersect during requirements development and during design reviews.
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7.2.5 Samantha Thoe
Summary:

This interviewee is a sophomore undergraduate student in the Department of

Mechanical Engineering at Clemson University who has been working on the project for over a
year as part of a creative inquiry team.

Her design experience stems from freshman and

sophomore class projects and the work she has done for this project. For the wheel development
project she has worked on pressure testing and test device design. She provides a student’s
perspective on the progress of the project, application of prototypes, and their effect on the
measures previously defined.

Comparison charts: This interviewee explicitly mentions and puts forth classifiable data on one
distinct prototype. The interactions are tabulated in Table 7.10 and Table 7.11.

Table 7.10: Prototype Factors Data in Interview with Samantha Thoe
Prototype Option
Description Success
Roles Played
Minature
Functionality
Variety Physical
Traction
Configuration
Complexity System
Tester
Visual and Tactile
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Evaluate Properties
Proof of concept
Optimize Design

Table 7.11: Project Factors Data for Interview with Samantha Thoe
Measures

Relative Success

Degree of Reliance

Interaction with Methods

+

+

-

+

-

Low

-

+

+

Organized

Related

+

-

-

Methodical

Unrelated

-

+

+

Planned

Materials

-

Time

0

+

-

Facilities

-

-

+

Degree of Reliance

-

Relative Success
Collaboration

Interaction with Methods

Measures

National

Very High

Organizational

High

Departmental

Budgets

Personal

+

0

+

Very Low

Concept Dev.

0

+

+

Large

Detailed Design

Team Size
Constraint

Project Goals

Production

Detail

High

Technical
Level

Occasional

High
Medium

+

-

-

+

-

Expertise

+

Other

None

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

Medium
Small

Medium
Low

Design
Methods

Medium
Low

Team

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

Low overall success with a high degree of reliance on prototypes.

There is a mixed

interaction of prototyping with design methods due to inexperience employing them.
2.

Project is characterized by focus on concept development, internal collaboration, limited
facilities and expertise, a small team, and a very low budget.
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Applicable Comments
1.

Due to the large emphasis on design and education, there is reduced effort put into
prototyping. This is due to the interviewee’s position as a full-time student.

Outcome Summary
1.

Lack of expertise inhibited prototyping success while greatly increasing prototype reliance to
meet project goals.

2.

High level collaboration is itself an inhibiting factor in the design process. Coordination of
multiple people in different locations with varying obligations becomes more difficult as the
scale of the collaboration increases.
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7.3 Documents Analyses
An effort is made to obtain preliminary and conclusive documents from all three core
collaborating organizations (CDM is perceived as a part of Michelin) in the form of project
proposals and reviews. This allows for a review of the interview results while also affording the
research two opposing perspectives, notably anticipation and retrospect.

However, due to

confidentiality concerns, it did not prove possible to obtain project review documents from
Michelin. Thus the documents analysis consists of:

1. Clemson Lunar Wheel Research Proposal
2. Clemson Project Review and Update
3. JPL/Michelin Lunar Wheel Research Proposal
These documents are selected because they contain adequate prototyping information for the
survey. The source reports for the documents follow the same template as the interview reports
to maintain study consistency.
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7.3.1 Clemson Lunar Wheel Research Proposal
Summary: This document covers the proposal for funding to continue the lunar wheel design
project at Clemson University after the initial conceptual design phase.

It covers budget

allocation projections, team planning, methods, and project goals. It also covers some of the
prototyping options that are utilized over the course of the project.

This makes it an ideal

document for this study as it covers prototyping with regards to several of the project effects
before the project had officially begun.

This document is based upon projections based on

experience rather than actual project progression and that gives it a unique perspective.

Comparison charts: This document explicitly mentions and puts forth classifiable data on three
distinct prototypes. Their interactions are tabulated in Table 7.12 and Table 7.13.

Table 7.12: Prototype Factors Data in Clemson Lunar Wheel Research Proposal
Prototype Option
Description Success
Roles Played
2nd Gen
Variety Physical
no
Performance Characteristics
Lunar
Complexity System
Refine Functionality
data
Wheels
Fidelity Detailed
2nd Gen
Variety Non-Physical
no
Refine Functionality
Wheel
Complexity System
data
Models
Fidelity Detailed
Wheel Tread
Performance Characteristics
Variety Physical
no
Test
Unknown Factors
Complexity Sub-system
data
Modules
Visual and Tactile
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Develop Analytical Models
Evaluate Properties
Optimize Design
Evaluate Properties
Optimize Design
Develop Analytical Models
Evaluate Properties

Table 7.13: Project Factors Data for Clemson Lunar Wheel Research Proposal

Very High

+
Organizational
+

+
+

+
+

High

Departmental
Team

Budgets
+

+
+

Personal
Concept Dev.

+

+

+

+

+

+

+

Low

Constraint

Detail

Medium

+

Team Size

Medium

Design
Methods

Low
Related

+

+
+

+

+
+

+

+
+

+

+
+

+

Medium

High +

Expertise

+
+

+
+

Small

Organized
Methodical

+

Large

High
+

+
+

Very Low

+

Production

Technical
Level

Medium
Low

+
+

Detailed Design

Project Goals

Interaction with Methods

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
National

Collaboration

Degree of Reliance

Measures

Measures

+

Unrelated

Planned

+
+
+
+
-

+

+
+
+

+

+

+
+

+

+
+

+

-

Materials

Occasional

Other

None

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline
Change in Goals

Situational

Change in Constraints
-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1. As a proposal, most correlations are assumptions based upon the initial plan. Thus they are
almost universally positive.
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2. Higher order collaboration is intended as part of a design method focused primarily on
evolutionary physical system prototyping. Collaboration is to provide test equipment and
facilities that would not otherwise be available to those proposing the project.

Applicable Comments
1. There is a high reliance on physical prototypes so that testing and evaluation can be
performed, and upon non-physical prototypes to optimize the physical designs.
2. Prototypes are constructed with increasing fidelity in order to reach high and reliable
performance metrics.
3. There is a high dependence upon extra-organizational collaboration for test facilities and the
assumption that available facilities are sufficient for prototyping efforts.
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7.3.2 Clemson Project Review and Update
Summary: This document reports on the year-to-date findings generated from the proposal for
the continued development of the lunar wheel at Clemson University. It covers experimentation
conducted, prototypes built, and general progress while also comparing budget projections with
actual spending and analyzing the progression towards the project goals. This document is also
ideal for this study because it directly analyzes the effects and measures which are important to
the study. Also, in contrast to the previous document, this one provides a retrospective of the
project as it was actually carried out.

Comparison charts: This document explicitly mentions and puts forth classifiable data on four
distinct prototypes. Their interactions are tabulated in Table 7.14 and Table 7.15.

Table 7.14: Prototype Factors Data in Clemson Project Review and Update
Prototype Option
Description Success
Roles Played
Lunar Terrain
Visual and Tactile
Variety Non-Physical
no
Simulator
Configuration
Complexity Sub-system
data
Fixture
Develop Assembly
Fidelity Form
Minature
Variety Physical
Refine Functionality
Traction
Complexity System
Customer Demand
Tester
Fidelity Basic
Annulus
Variety Physical
Milestone
Traction
+
Complexity System
Refine Functionality
Tester
Fidelity Realistic
Unknown Factors
Variety Physical
Cryogenic
Refine Functionality
+
Complexity System
Tester
Milestone
Fidelity Realistic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Proof of Concept
Conceptual Design
Configure System
Proof of Concept
Conceptual Design
Configure System
Configure System
Optimize Design
Proof of Product
Configure system
Optimize Design

Table 7.15: Project Factors Data for Clemson Project Review and Update

Very High

Organizational

High

Departmental

Budgets

Personal

+

Concept Dev.
Detailed Design

+
+
+

+

-

-

0
+
+

+

+

-

+
+

-

Production

Detail

High

Technical
Level

0

Medium
Low

Design
Methods

+

+
+

-

0
+
+

+

Very Low

Team Size

Small

Expertise

Low

Unrelated
+
+

-

+
-

+
+

+

-

+
+

+

+
+

+

+
-

+

+
-

+
+

+
+

High

Methodical
+

-

-

Medium
-

+
-

Other

Time
Facilities

-

+
+

+
-

+

Materials

+

None

+

Large

Related

Planned

-

Medium

Organized

Occasional

+
+
-

-

+
+

+
+

+
-

+
-

+
+

+

+

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

Medium
Low

Constraint

-

Interaction with Methods

Relative Success

National

Team

Project Goals

Interaction with Methods

Degree of Reliance

Relative Success
Collaboration

Degree of Reliance

Measures

Measures

Change in Goals
Change in Constraints

-

-

+

+

-

+

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1. High degree of extra-organizational collaboration was not realized. Testing equipment was
ultimately constructed internally.
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Applicable Comments
1. High fidelity physical prototypes were not built internally. Facilities, expertise, and team size
limited the physical prototyping and it was ultimately taken over by another collaborator with
more developed capabilities and expertise.
2. Departmental collaboration proved easier to establish after the fact than utilizing planned
extra-organizational collaborations.
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7.3.3 JPL/Michelin Lunar Wheel Research Proposal
Summary: This document proposes funding to develop a detailed system prototype based on
previous conceptual design data from the original concept exploration.

It details budget

allocation, specifications of past designs, personnel involved, expertise, and other prototyping
methods which have been used in the development process in the past and others which may
prove useful in the future. This document tries to predict future development based upon past
experience and thus provides experiential insight. Though there is no follow up to this proposal in
the documents analysis, several of its components are covered in the ethnographic study which
the author has the understanding and knowledge to analyze.

There is some ethnographic

analysis in this source study due to the lack of a follow-up report.

Comparison charts: This document explicitly mentions and puts forth classifiable data on two
distinct prototypes. Their interactions are tabulated in Table 7.16 and Table 7.17.

Table 7.16: Prototype Factors Data in JPL/Michelin Lunar Wheel Research Proposal
Prototype Option
Description Success
Roles Played
2nd Gen
Performance Characteristics
Variety Physical
Helical
Configuration
Complexity System
Lunar Wheel
Milestone
Fidelity Detailed
Helical
Variety Non-Physical
Unknown Factors
Virtual
Complexity System
Refine Functionality
Model
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Develop Analytical Methods
Proof of Concept
Configure System
Evaluate Properties
Optimize Design

Table 7.17: Project Factors Data for JPL/Michelin Lunar Wheel Research Proposal
Measures

Organizational

High

Departmental

Budgets

Team
Personal

+
+

0
0

+
0

0
+

0
+

Detail

High
Medium

+
+

+
0

+
0

Low

Design
Methods

Team Size

+
0

0
+

+
+

0
+

0
+

+
+

+
0

+
0

+
0

Medium
Small
High
Medium

Expertise

Low

Organized

Related

Methodical

Unrelated

Planned

Materials
0
+

Occasional
None

0
+

Other

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

+
+

Large

Production

Technical
Level

+
0

Very Low

Constraint

Detailed Design

+
0

Low
+
0

Concept Dev.

Project Goals

Medium

Interaction with Methods

Very High

Degree of Reliance

Interaction with Methods

National

Relative Success

Collaboration

Degree of Reliance

Relative Success

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
Applicable Comments
1. Assumptions are positive given the proposal nature of this document. This is an idealization
based on the way the project is expected to play out. However, given improper assumptions
about capabilities and collaboration, these predictions could likely prove false as was shown
when comparing the two previous documents.
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2. Assumes complex non-physical modeling can be undertaken. This eventually proved futile
and required experimental physical system prototyping to obtain even basic understanding.
However, knowing the complexity of the modeling problem, there were no participants with
expertise to match the problem when the proposal was created.
3. Assumes extra-organizational collaboration. One collaborator was not able to participate due
to IP concerns and a competing wheel idea, while another was able to participate due to
being on location at the proposed facility. Conflicts of interest inhibited participation while
close proximity aided it.
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7.4 Ethnographic Study
The ethnographic survey is based on the author’s participation in the primary study and
follows the same template previously established in Section 5.2. However, due to the flexibility
of this study, the data is focused on specific targeted prototypes discussed in the interviews and
the documents analysis in order to function as a corroborative tool.

7.4.1 Ethnographic Overview
The prototypes chosen from the interview and documents sources are pictured in Figure
7.3.

All are system prototypes but they represent different levels of variety, fidelity, and

complexity.

The author has sufficient project knowledge of each to provide an adequate

evaluation of prototype and project factors.

(1)

(2)

(3)

(4)

Figure 7.3: Prototypes to Evaluate for Ethnographic Study

Prototype 1: This is a basic system level physical prototype which was built during the concept
development phase of the original lunar wheel design project. It used readily available materials
to approximate how the actual wheel might perform. This prototype is also discussed in Section
7.2.1 and Section 7.2.4.

Prototype 2: This is a detailed system level physical prototype which was built after the concept
development phase. It used realistic or analogous materials which could believably be used on a
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lunar mission. It was an attempt to replicate the success of the previous concepts using realistic
materials and improving some of the shortcomings. This prototype is also discussed in Section
7.2.2 and Section 7.3.3.

Prototype 3: This is a basic non-physical sub-system prototype of a wheel fixture sub-system. It
was constructed to conceptualize, configure, and dimension the wheel fixture sub-system. It
utilized a combination of known dimensioned parts and approximations of parts which could be
built or acquired. This prototype is also discussed in Section 7.3.2.

Prototype 4:

This is a basic non-physical system prototype of the composite lunar-wheel

prototype constructed by CDM. The model sought to accurately portray the physical behavior so
that analytical data could be extrapolated from any part of the design. It was intended to be used
to better understand the functional stress in the design and static loading behavior.

This

prototype is also discussed in Section 7.2.1 and Section 7.3.1.

Once the relevant prototypes are determined, by examination of the other evidence
sources and the author’s knowledge, the data collection tables are completed based on the
author’s experience. When project and prototype factor data have been recorded, notes are
produced reflecting the author’s interpretation of several trends previously mentioned in the other
sources. This allows for direct comparison of the ethnographic study, with more complete data,
against prototype data in the other sources.
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7.4.2 Ethnographic Study Report
Summary: This study draws upon the authors own knowledge of the lunar wheel design project,
which allows focus on the relations which are important to the research. Additionally, it allows
independent evaluations for a number of prototypes for which data is collected in Section 7.2 and
Section 7.3. Important prototypes of which the author has intimate knowledge are examined
using the effects and measures comparison charts in order to be compared against the
independent interview and documents results.

These data collection tables are the direct

interpretation of the author.

Comparison charts: This study explicitly deals with and obtains classifiable data on the four
distinct prototypes pictured in Figure 7.2. Their interactions are tabulated in Table 7.18 and
Table 7.19.

Table 7.18: Prototype Factors Data in Ethnographic Study
Description Success
1st Gen
Lunar Wheel

+

2nd Gen
Helical Wheel

-

Simulator
Fixture Model

+

2nd Gen
Wheel Model

+

Prototype Option
Roles Played
Unknown Factors
Variety Physical
Functionality
Complexity System
Customer Demand
Fidelity Basic
Variety Physical
Performance Characteristics
Complexity System
Configuration
Fidelity Detailed
Variety Non-Physical
Configuration
Complexity System
Visual and Tactile
Fidelity Form
Variety Non-Physical
Performance Characteristics
Complexity System
Unknown Factors
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Evaluate Properties
Proof of Concept
Conceptual Design
Evaluate Properties
Proof of Concept
Configure System
Configure System
Evaluate Properties
Develop Analytical Methods
Optimize Design

Table 7.19: Project Factors Data for Ethnographic Study
Measures

National
0

-

Budgets
0
+
+

+
Concept Dev. +

Detailed Design

+
+

+
0
0 - +

0
+
+

0

+
0 +
+
+ +

0
0
-

Production

Detail

High
Medium
Low

Design
Methods

0

+

+

+

+
+

-

+

0

Very Low

Small

Low
Related

+
0
0

None

Materials

+
+
+
+

Other
-

Change in Constraints

+

+

+

+
+

+

+

+
+

- +
0 +

0
-

0
0

+
-

+
+ +
0

+
0

+
-

0 0
+ +

-

0

+

0
+
+
-

0
-

0
-

Time
Facilities

-

-

-

-

0

0

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline
Change in Goals

+
+

Medium

Unrelated
+
+

+

High

Expertise

-

-

Medium

Methodical
Planned

-

Large

Team Size

Organized

Occasional

Situational

Medium
Low

Constraint

Personal

Technical
Level

High

Departmental
+
Team
0

Project Goals

Interaction with Methods

Very High
+

Organizational

Collaboration

Degree of Reliance

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success

Measures

-

-

+

+

-

-

-

-

0

0

0

0

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1. Moderate overall success with a moderate degree of reliance on physical prototypes. There
is a low to moderate interaction of prototyping with design methods due to low utilization of
design methods and perceived irrelevance of their contribution to projects heavily dependent
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upon prototyping. Non-physical prototypes were more successful and interactive, but not as
heavily relied upon.
2. Projects are characterized by some variability, focus on concept development, large amounts
of extra-organizational collaboration, limited expertise and budgets, and small teams.
Projects are generally risky in nature, have little applicability outside of research, or have no
immediate potential for product development. These factors result in the limitations placed
upon the projects.

Applicable Comments
1.

Non-physical prototypes are more flexible and can be used more readily than physical
prototypes when facing the limitations primarily encountered in these projects. However,
ultimately physical prototypes are needed for validation. Thus they should be used together
as limitations allow.

2.

Changes in project goals and constraints negatively affect prototyping success and reliance
upon it.

3.

Budget constraints, personnel limitations, and lack of expertise affected the process most
negatively when attempting to produce detailed physical system prototypes. This is due to
the increased requirements for these systems.

4.

Inexperienced designers are highly dependent upon prototypes to evaluate ideas and to gain
a basic understanding of functionality.

Outcome Summary
1.

Low level collaboration, limited design planning, and low budgets were the greatest
contributors to success for these prototypes.

Limited planning allowed focus on the

prototypes themselves which was critical for concept development while lower budgets
forced innovation and reduced expectations.

Limitations in facilities greatly inhibited

prototyping success and general reliance on prototypes.
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2.

The primary obstacles to higher level collaboration are the lines of communication and
organizational goals.

Points of contact are utilized to control information between

participating organizations which reduces information throughput and often eliminates critical
information or makes it hard to access. Additionally, organizations often have different goals
which may cause conflicts of interest between them.
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Chapter 8: LITERARY CASE STUDIES

The literary case studies used to evaluate the findings of the primary case study can
represent very different sources; the primary concern is that they contain information which is
either capable of corroborating or invalidating the findings of the primary study. Thus papers
which focused on the application of prototyping and the findings of those researchers were most
desirable. It is determined that focusing on the interaction of prototyping in the design process is
an appropriate method as it allows several types of papers to be used, and, in turn, diversifies the
study.

8.1 Literary Case Studies Summary
Though twenty-two papers were found which match the basic criteria for use in the study,
only a certain number were needed to test against the findings of the primary study. After initial
selection, the candidate papers were then evaluated using a weighted selection process based
upon the desirable criteria. The five papers chosen were:

1. Kangaroo Karriage [55]
2. Design and Optimization of an RTM Composite Bicycle Crank [56]
3. A Prototype Locomotion Concept for a Lunar Robotic Rover [57]
4. Design of a Passive Gravity-Balanced Assistive Device for Sit-to-Stand Tasks [58]
5. Design of a Washing Machine Prototype [59]
The papers were specifically chosen because their content and direction made it possible
to extract data relevant to the research.

Furthermore, they were also chosen because they

provide data which overlapped with that contained in the primary study. However, care is taken
not to use the assertions of the other researchers; it is important to only extract the raw data so
as not to introduce bias. Further information on each paper is provided within the individual
source reports.
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8.2 Literary Study Reports
These studies represent an entirely different set of data from the interviews, documents,
and ethnographic study. They are to be interpreted separately and compared with the primary
study data. They were chosen to have overlapping data with the primary study in order to provide
corroborating or debunking data.
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8.2.1 Kangaroo Karriage [55]
Summary: This paper outlines the process to design and optimize a baby carriage which can
collapse without first being placed on the ground. This includes a patent search, establishment of
requirements, concept selection, three stages of physical prototyping, and non-physical
prototyping. The paper itself focuses on the team, expertise, methods, and project goals. It is
thus a useful paper for the purposes of this research because it allows direct comparison
between the measures and effects.

Comparison charts: This paper explicitly mentions and puts forth classifiable data on four distinct
prototypes. Their interactions are tabulated in Table 8.1 and Table 8.2.

Table 8.1: Prototype Factor Data for Kangaroo Karriage [55] Paper
Description Success
Alpha

+

Beta

0

Beta Plus

+

Virtual Model

0

Prototype Option
Roles Played
Variety Physical
Configuration
Complexity System
Fidelity Form
Functionality
Variety Physical
Configuration
Complexity System
Develop Assembly
Fidelity Basic
Visual and Tactile
Variety Physical
Refine Functionality
Complexity System
Milestone
Fidelity Detailed
Variety Non-Physical
Configuration
Complexity System
Develop Assembly
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Aesthetic Evaluation
Conceptual Design
Conceptual Design
Configure System
Evaluate Properties
Proof of Concept
Optimize Design
Conceptual Design
Configure System
Optimize Design

Table 8.2: Project Factors Data for Kangaroo Karriage [55] Paper

Very High

Organizational

High

Departmental

Budgets

Team
0 + 0 + + +
+ 0 - + 0 0
+ 0 + 0 + 0
Concept Dev. + + + 0 0 0

Team Size

Design
Methods

- +
0 +

0

+

+
+

0
0

+
+

+ +
- 0
0 +
High + 0

+
+
+
+

+
+
0
-

+
+
+
+

0
0
+
+

+ +
0 +

+
0

Medium

Expertise

Low
Related

+
+

+
+

+
-

- +
0 -

Unrelated

Planned

Materials

Occasional

Other

Time
Facilities

None

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

- +
0 +

Medium
0 +
+ +

Organized
+
Methodical
+

+
-

Small

Medium
+
Low
+

+
+

Large

Constraint

Detail

High

+
+

Very Low

Detailed Design
Production

Technical
Level

Medium
Low

Personal

Project Goals

Degree of Reliance

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
Collaboration

National

Interaction with Methods

Measures

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

High overall success with a high degree of reliance on prototypes. There is a relatively high
interaction of prototyping with design methods due to the methodical approach taken.
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2.

Project is characterized by focus on concept development, a small team, sufficient expertise
and facilities, and an adequate budget. Project is simple in nature but market possibilities are
uncertain.

Applicable Comments
1.

Used only system level prototypes, but several were not necessarily useful. Most notably the
beta prototype seems to have been superfluous upon examination of the data and the report.

2.

The design process was excessively methodical given the simplicity of the design being
undertaken.

Outcome Summary
1.

Relatively high skills, a low technical difficulty, good facilities, and adequate funding were the
greatest contributors to prototyping success.
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8.2.2 Design and Optimization of an RTM Composite Bicycle Crank [56]
Summary: This paper outlines the process to design and optimize a carbon fiber bicycle crank.
This includes motivation, design goals, physical and non-physical prototyping, experimental
evaluation, and development of an analytical model; thus it directly addresses several of the key
roles of prototypes while providing two distinct prototypes to analyze for interactions between the
measures and effects.

Comparison charts: This paper explicitly mentions and puts forth classifiable data on two distinct
prototypes. Their interactions are tabulated in Table 8.3 and Table 8.4.

Table 8.3: Prototype Factor Data for RTM Composite Bicycle Crank [56] Paper
Description Success
Composite
Crank

+

Optimization
Model

+

Prototype Option
Roles Played
Variety Physical
Performance Characteristics
Complexity Component
Fidelity Detailed
Variety Non-Physical
Unknown Factors
Complexity Component
Refine Process
Fidelity Detailed
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Proof of Concept
Evaluate Properties
Conceptual Design
Optimize Design

Table 8.4: Project Factors Data for RTM Composite Bicycle Crank [56] Paper

Organizational

High

Departmental

Budgets

Team
Personal
Concept Dev.

Detail

High

Technical
Level

Medium

+
0

+
+

Low

Design
Methods

Small

Medium

0
0

+
+

0
+

0
0

+

Low

Methodical

Unrelated

Planned

Materials

Other
+
+

+
+

High

Organized

0

+
+

Medium

Related

None

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

Team Size

Expertise

Occasional

0
0

Large

Detailed Design
Production

+
0

Very Low

Constraint

Project Goals

+
0
+
+

0

Medium
Low

+
0
0
+

Degree of Reliance

Very High

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
Collaboration

National

Interaction with Methods

Measures

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

Moderate overall success with a very high degree of reliance on prototypes. There is a no
interaction of prototyping with design methods because the project was simply investigating
converting an old design to a new material and manufacturing method, then performing a
topological optimization with a non-physical prototype.
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2.

Project is characterized by limited focus on testing of a preconceived concept, a small team,
good expertise and facilities, and an adequate budget.

Project is entirely exploratory in

nature and focused exclusively on prototyping, testing, and non-physical prototype
optimization.

Applicable Comments
1.

Given an initial concept and simple design, a physical prototype was built first and then
supplemented for optimization with a non-physical prototype. Though the roles were reverse
this interaction between the two types was still necessary for success.

2.

Success for this prototype derives from the novelty of the application and the inherent
properties of new materials which the designers were able to utilize with their specialized
facilities.

Outcome Summary
1.

Relatively high expertise and good facilities were the greatest contributors to prototyping
success. However, success in this case can also be described in terms of the novelty of the
idea. It had not been tried before and thus had some inherent measure of success.
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8.2.3 A Prototype Locomotion Concept for a Lunar Robotic Rover [57]
Summary: This paper outlines the design of a separate lunar mobility concept proposed by
Carnegie Mellon University to provide video telemetry to be used at theme parks. The paper
includes goals, discussions of requirements, configuration, general design considerations and
choices, physical prototyping, analytical modeling, and testing.

This paper embodies a

conceptual design process which heavily utilizes prototyping and thus it is an appropriate case for
the study.

Comparison charts: This paper explicitly mentions and puts forth classifiable data on two distinct
prototypes. Their interactions are tabulated in Table 8.5 and Table 8.6.

Table 8.5: Prototype Factor Data for Lunar Robotic Rover [57] Paper
Description Success
Monolithic
Model

-

Functional
Test Rover

+

Prototype Option
Roles Played
Variety Physical
Configuration
Complexity System
Fidelity Form
Variety Physical
Performance Characteristics
Complexity System
Functionality
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled

Proof of Concept

Table 8.6: Project Factors Data for Lunar Robotic Rover [57] Paper
Measures

Organizational

High

Departmental

Collaboration

Team

Budgets
0
+

0
0

+
+

+
+

+

0
0

Concept Dev.

Detail

High
Medium

+

+

+
0

Low

Team Size

High

Expertise

0
+

+

0

+
-

Low
Related
Unrelated

+
+

Occasional

0

+
+

Materials

Other

None

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

0
-

Medium

Methodical
Planned

0
+

Medium
Small

Organized

Design
Methods

+
0

Large

Constraint

Production

Technical
Level

0
+

Very Low

Detailed Design

Project Goals

+
+

Medium
Low

Personal

Interaction with Methods

Very High

Degree of Reliance

National

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1. Moderate overall success with a moderate to low degree of reliance on prototypes. There is
a moderately high interaction of prototyping with design methods because the project was
selectively geared towards a preconceived industrial design which required elaboration and
validation on a concept level.
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2. Project is characterized by narrow focus on a preconceived and well understood concept, a
small team, good expertise and facilities, and an adequate budget.

Project is entirely

demonstrative but otherwise the prototypes, especially the form level, seemed largely
unnecessary to accomplish the simple design tasks.

Applicable Comments
1.

The functional prototype was more useful, but only with regards to the soil test for which it
was primarily used. This test could have been performed cheaper and more thoroughly
using a component level physical prototype of a basic wheel.

Outcome Summary
1.

Relatively high expertise and good facilities were the greatest contributors to success in this
project, but the prototypes themselves were not necessarily successful even though they
received credit. Cheaper and more effective prototypes could have been utilized in this case
to supplement analysis.
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8.2.4 Design of a Passive Gravity-Balanced Assistive Device for Sit-to-Stand Tasks [58]
Summary: This paper outlines the design of an assistive device for sit-to-stand tasks. The paper
includes the motivation, design goals, preliminary system analysis, non-physical design, physical
prototyping, and testing. This paper utilizes prototyping as a small, but conclusive, part of an
easily analyzed design task. Thus it is atypical of other design papers, but still provides the basic
components necessary to make the study comparisons; thus it is an appropriate study which
serves to ensure the data remains varied.

Comparison charts: This paper explicitly mentions and puts forth classifiable data on two distinct
prototypes. Their interactions are tabulated in Table 8.7 and Table 8.8.

Table 8.7: Prototype Factor Data for Sit-to-Stand Assistive Device [58] Paper
Description Success
Analytical
Model

+

Functional
Physical
Model

0

Prototype Option
Roles Played
Variety Non-Physical
Performance Characteristics
Complexity System
Refine Functionality
Fidelity Basic
Unknown Factors
Variety Physical
Configuration
Complexity System
Milestone
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Develop Analytical Methods
Proof of Concept
Configure System
Evaluate Properties
Proof of Product

Table 8.8: Project Factors Data for Sit-to-Stand Assistive Device [58] Paper

Organizational

High

Departmental
Team

Budgets
0
0

+
-

+
0

Production

Detail

High

Technical
Level

Design
Methods

Small

+
-

+
0
+
0

+
+
0

High

+
-

Expertise

Low

Organized

Related

Methodical

Unrelated

Planned

Materials

None

+
0

Medium

Medium
+
+

Occasional

Other
+
-

+
-

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

Team Size

Medium
Low

+
-

Large

Detailed Design

Constraint

Project Goals

Very Low
0
+

+
-

Medium
Low

Personal
Concept Dev.

Degree of Reliance

Very High

Relative Success

Interaction with Methods

Degree of Reliance

Relative Success
Collaboration

National

Interaction with Methods

Measures

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

Moderate overall success with a moderate degree of reliance on prototypes. There is a no
interaction of prototyping with design methods because the project was simply investigating
turning an analytical solution into a physical artifact.
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2.

Project is characterized by limited focus on testing of a preconceived concept, a single
person design team, low expertise, deficient facilities, a low budget, and a very simple
concept. Project is entirely exploratory in nature and focused exclusively on prototyping,
testing, and analytical optimization.

Applicable Comments
1.

The analysis of the system allowed preliminary optimization of the structure and placed a
clear project bias on the analysis.

2.

Significant limitations in facilities, funding, and team contributions limited the success and
scope of this project.

Outcome Summary
1.

The simplicity of the design was the greatest contributor to prototyping success. However,
overall project success in this case is more heavily tied to the preliminary analytical model,
subsequent non-physical prototype, and the optimization of the system.
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8.2.5 Design of a Washing Machine Prototype [59]
Summary: This paper outlines the design of a conceptual washing machine. It includes an
overview of the design methods and tasks, non-physical prototyping and analysis, and physical
prototyping. This paper also provides detailed insight into the design process utilized and the
progression of the design. This makes it ideal for analyzing the relationships inherent in the
prototyping process and comparing the effects and measures outlined in the study.

Comparison charts: This paper explicitly mentions and puts forth classifiable data on two distinct
prototypes. Their interactions are tabulated in Table 8.9 and Table 8.10.

Table 8.9: Prototype Factor Data for Washing Machine [59] Paper
Description Success
Detailed
Virtual Model

+

Functional
Detailed
Physical

+

Prototype Option
Roles Played
Configuration
Variety Non-Physical
Develop Assembly
Complexity System
Visual and Tactile
Fidelity Detailed
Functionality
Variety Physical
Refine Functionality
Complexity System
Milestone
Fidelity Basic
- is unsuccesful, 0 is no effect, + is successful
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Needs Fulfilled
Aesthetic Evaluation
Configure System
Evaluate Properties
Proof of Concept

Table 8.10: Project Factors Data for Washing Machine [59] Paper
Measures

Departmental

Personal
Concept Dev.

Budgets
+

+

+

+
0
+

0
+
+

+
-

Detail

High

Technical
Level

Medium
Low

+
+

+
0

+
0

Design
Methods

+
+

+

+
+
0

-

+

+

+

+
+

+
+

+

+

Large

Team Size

Medium
Small
High
Medium

Expertise

Low
Related

0
+

+
0

+
+

Unrelated

Planned

Materials

Occasional

Other

None

0

Time
Facilities

-, 0, + = Negative, Neutral, Positive Interactions

Compressed Timeline

Situational

+
-

Very Low

Organized
Methodical

+
0

Medium
Low

Detailed Design
Production

Interaction with Methods

High

Degree of Reliance

Organizational

Relative Success
Very High

Team

Project Goals

Interaction with Methods

National

Constraint

Collaboration

Degree of Reliance

Relative Success

Measures

Change in Goals
Change in Constraints

-, 0, + = Negative, Neutral, Positive Interactions

Notes:
General Trends
1.

High overall success with a fairly high degree of reliance on prototypes. There is a high
interaction of prototyping with design methods because the project coordinated two teams in
two separate locations and thus a predefined method was needed.
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2.

Project is characterized by focus on development of a broad concept, two small and
collaborating design teams, mixed but moderate expertise, good facilities, a low budget, and
relatively complex system concept.

Project is entirely demonstrative and educational in

nature.

Applicable Comments
1.

Two different teams of mixed skills and focused were able to work closely and contribute in
different aspects of the design.

2.

A systematic method was utilized but it was heavily dependent upon prototyping to the point
that prototyping was almost exclusively utilized along with ideation.

3.

Non-physical prototyping was extensively utilized to remain within the budget constraints.
This proved effective developing a demonstration type physical system prototype with limited
funding.

4.

Despite budget constraints, sufficient money was saved in early design by focusing
exclusively on non-physical prototyping that emerging technologies were utilized in the
manufacturing of the physical prototype.

Outcome Summary
1.

Experience in concept development, heavy reliance on non-physical prototyping, methodical
prototyping dependent approach, and lack of experience in washing machine design were
the greatest contributors to prototyping success; the designers were able to make
innovations due to a lack of preconceived notions. The relatively low technical level may also
have played a key role in the success of the project.
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Chapter 9: CROSS-CASE ANALYSIS

In order to develop the relationships and guidelines needed to fully define the prototyping
process developed in Section 2.3, the data collected in the case study is aggregated and
analyzed for pattern matched trends. The trends in the aggregate data for prototype factors are
then used to empirically establish relationships between design needs, prototype roles, and
prototype options. The trends in the data for project factors are used to create guidelines for the
application of prototyping for specific design problems and for the augmentation of prototyping
relationships derived for the prototype factors. Thus a systematic prototyping process can be
implemented which relies minimally upon designer input and experience.

9.1 Cross Study Comparison
Aggregate data is compiled for the interviews, documents analysis, and ethnographic
study. The interview provides the bulk of the data, but it can be compared with the combined
results of the documents and ethnographic study. The aggregated data from all primary study
sources is presented in Table 9.1 and Table 9.2.
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Table 9.1: Aggregated Detail Effects Comparison for Primary Study

Collaboration

Departmental
Team
Personal
Concept Dev.

Project
Goals

Detailed Design

Interaction with
Methods

OVERALL

Organizational

Degree of
Reliance

National

Relative Success

Measures

0.50

0.50

0.00

0.40

(2)

(2)

(1)

(5)

0.13

0.88

0.00

0.35

(8)

(8)

(7)

(23)

1.00

0.00

1.00

0.66

(1)

(1)

(1)

(3)

0.71

0.33

0.43

0.48

(7)

(9)

(7)

(23)

0.93

0.64

0.42

0.67

(14)

(14)

(12)

(40)

0.81

0.91

0.77

0.83

(11)

(11)

(13)

(35)

0.10

0.54

-0.20

0.18

(10)

Production

Detail

High

Technical
Level

Medium
Low

1.00

Design
Methods

Planned
Occasional
None
Compressed Timeline

Situational

Change in Goals
Change in Constraints

(10)

(33)

1.00

0.00

(1)

(1)

(2)

1.00

1.00

1.00

(2)

(4)

(4)

(10)

0.00

0.64

0.23

0.30

(13)

(14)

(13)

(40)

1.00

-0.28

-0.43

0.10

(7)

Organized
Methodical

(13)
-1.00

1.00

(7)

(7)

(21)

0.00

1.00

0.50

(2)

(2)

(4)

1.00

1.00

1.00

(3)

(3)

(3)

(9)

1.00

0.00

1.00

0.64

(5)

(6)

(6)

(17)

0.11

0.17

0.73

0.34

(9)

(12)

(11)

(32)

-0.33

0.67

-1.00

-0.13

(3)

(3)

(2)

(8)

1.00

1.00

-1.00

0.33

(3)

(3)

(3)

(9)

-0.60

0.40

-1.00

-0.31

(5)

(5)

(3)

(13)

-0.67

0.30

0.00

-0.12

(9)

(10)

(7)

(26)

-1 is all negative, 0 is neutral, +1 is all positive
Other values are intermediate interactions between extremes
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Table 9.2: Aggregated Constraint Effects Comparison for Primary Study

Degree of
Reliance

Interaction with
Methods

OVERALL

Relative Success

Measures

1.00

0.00

0.50

(2)

(2)

(4)

0.75

0.50

0.66

Very High
High

Budgets

Medium
Low
Very Low

0.75
(4)

(4)

(4)

(12)

-0.29

0.00

0.57

0.09

(7)

(8)

(7)

(22)

0.40

0.10

0.88

0.43

(10)

Constraint

Large

Team
Size

Medium
Small
High
Medium

Expertise

Low
Related
Unrelated
Materials

Other

Time
Facilities

0.50

(10)

(8)

(28)

0.00

1.00

0.50

(1)

(1)

(2)

0.50

0.00

0.33

(2)

(2)

(2)

(6)

0.24

0.31

0.26

0.27

(17)

(19)

(19)

(55)

1.00

0.20

0.25

0.42

(3)

(5)

(4)

(12)

0.90

0.27

0.50

0.55

(10)

(11)

(10)

(31)

-0.85

0.69

0.38

0.08

(13)

(13)

(13)

(39)

0.93

-0.12

0.20

0.31

(14)

(16)

(15)

(45)

-0.36

0.64

0.50

0.25

(11)

(11)

(10)

(32)

-0.50

-0.50

1.00

-0.15

(6)

(4)

(3)

(13)

0.67

1.00

-1.00

0.22

(3)

(3)

(3)

(9)

-0.82

-0.60

0.67

-0.34

(11)

(10)

(9)

(27)

-1 is all negative, 0 is neutral, +1 is all positive
Other values are intermediate interactions between extremes

9.1.1 Major Data Trends in Aggregated Primary Study Data
From Table 9.1 and Table 9.2 there are eight major trends which can be immediately
identified through pattern matching of the data as seen in Section 5.3. These trends alone
identify several characteristics of prototyping through qualitative data acquisition. They are:
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1. High prototype interaction and reliance generally resulted in prototyping success.
-

For project factors in Table 9.1 and Table 9.2, when qualitative measures of
prototype reliance and interaction with methods have a positive interaction (>0),
prototyping success is also generally positive. Notable exceptions are project
factors low and unrelated expertise. In this situation the exceptions are likely due
to designer limitations.

2. High prototype reliance and low interaction resulted in reduced prototyping success.
-

For project factors in Table 9.1 and Table 9.2, when the qualitative measures of
prototyping reliance had a positive interaction (>0) and qualitative measures of
interaction with methods had a negative interaction (<0), prototyping success is
mixed. This interaction can be seen in project factors time, compressed time,
change in goals, no design methods, and detailed design stage.

3. Facilities limitations had the most negative impact on factors of success and reliance.
-

Of all project factors, facilities had the most profoundly negative impact, in Table
9.1 and Table 9.2, on both the reliance upon prototyping and the prototyping
outcome success. Materials limitations are the only other factor which had a
negative effect on both measures, but the effect is not as significant as that of
facilities.

4. Low expertise had the most negative impact on prototype success.
-

Several factors, including facilities, materials, unrelated expertise, low budgets,
change in goals, change in constraints, and lack of applied design methods all
had a negative effect on prototyping success. However, low expertise had the
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most significant negative effect on measures of prototyping success in Table 9.1
and Table 9.2.

5. A compressed timeline resulted in high success despite the limitation it introduced.
-

Three samples were collected, as seen in Table 9.1 and Table 9.2, for the
effects of a compressed timeline on prototyping practice. It resulted in increased
reliance upon prototyping, decreased interaction with design methods, and
increased prototyping success across all samples.

This is an unexpected

outcome and likely results from positive changes in design methods necessary to
deal with the new limitations.

6. Higher order planning resulted in higher measures of success.
-

From the design methods component of Table 9.1 it is apparent that higher
levels of design method implementation result in higher prototype interaction and
success. This could result from the systematic application of design principles,
or more likely, the trend could be due to the fact that higher levels of design
method implementation are seen in more mature design problems.

This

maturation means that design methods are tailored to the design problem,
resulting in greater success and more efficient application of prototypes.

7. Conceptual designs are more successful than detailed designs given the common
limitations encountered in the study.
-

Conceptual designs are more successful, relied more heavily upon prototypes,
and prototypes interacted more closely with design methods. This can be seen
in the project goals section of Table 9.1. This likely occurs because conceptual
design projects are more dependent upon prototypes to meet their goals. Thus
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they rely more heavily upon prototypes, interact with them more in their design
methods, and are more dependent upon them for project success.

8. Higher expertise and budgets are more successful.
-

This is an obvious conclusion that can be seen in Table 9.2. This helps to
corroborate the validity of the data because two trends which can be taken for
granted are conveyed in the data which is collected independently as part of the
case study.

These are the major important trends that are immediately apparent in the data. Given
that the sample sizes are small it is not advisable to attempt to discern more detail from data
trends alone. However, the notes collected during the case study from the individual sources
also provide applicable data and trends. These can be used to further explore the data in Table
9.1 and Table 9.2 while establishing the trends already identified.

9.1.2 Trends in Note Comments and Outcome Summaries
Within the source notes, several recurring themes emerged which, upon the review of the
major data trends, were not immediately identified by the initial pattern matching. Upon review of
these recurring themes, patterns are found in the data which corroborate them. Furthermore, a
literature review is conducted to search for other researchers investigating similar themes, which
could be indicative of a larger pattern outside of the immediate study. These themes were:

9.1.2.1 Facilities are a major factor in prototyping success and reliance
Facilities are the major factor responsible for positive or negative prototyping outcomes
regardless of other factors affecting the process. This is seen in the aggregate data of Table 9.2
and is identified in the third trend of Section 9.1.1 as a generic negative interaction of facilities
with prototype success and reliance. The importance of facilities in the prototyping process is
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explicitly stated in several sources, including those found in Section 7.2.1, Section 7.2.2,
Section 7.2.3, Section 7.2.4, Section 7.3.1, Section 7.3.2, Section 7.3.3, Section 7.4, and
Section 8.2.5. These statements primarily focus on mitigating facilities limitations, and other
resource limitations, by using collaboration as a tool to gain access to better resources. An
example transcript from the interview with Bart Thompson states:

“Adding CDM has given us a much greater chance of long-term success due to their
resources… Clemson has the flexibility and capability to fill in the research gaps but has
limited resources which can be a constraint in how far they can develop a concept.”
Resources, in this excerpt, refer to expertise, budget, and facilities. Give CDM’s unique facilities
and manufacturing capabilities, this referred in large part to the facilities at their disposal. There
is also significant research into collaboration as a means of overcoming facilities and other
resource limitations [60, 61, 62]. This further validates the importance of this theme.

9.1.2.2 Non-physical prototypes are more flexible than physical prototypes
Non-physical prototypes are more flexible than physical prototypes and require a lower resource
allocation.

Especially in design environments with significant limitations such as facilities,

budgets, and expertise they can significantly make up for other shortcomings if applied
appropriately. This theme recurs in several individual sources, including Section 7.2.1, Section
7.2.2, Section 7.3.2, Section 7.4, Section 8.2.1, Section 8.2.2, and Section 8.2.5.

It is

apparent in the prototype and project factor data collection tables for all of these individual
sources with significant project limitations, that non-physical prototypes increased success and
method interaction.

Additionally, the benefits of non-physical prototypes are referenced on

several occasions with regards to virtual modeling and finite element analysis. In the transcript of
the interview with Jaret Matthews it is stated:
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“you can spend an infinite amount of time doing analysis but you eventually have to build it
and try it out…I usually go to the first or second order of analysis to prove its not going to
fall apart immediately…the flight projects do the analysis to the hundredth order and leave
no questions left unanswered. I often just stop at the static analysis and give it a try, but
they do analysis to determine whether or not its going to shake apart in launch or whether
or not…The reason they do it is to retire risk, but also to cut out mass so no kilos are
wasted. I also look at cost factors which aren’t an issue on a flight system.”
This excerpt from the transcript shows non-physical prototyping can be used at any level of
design. This example shows the two extremes where non-physical prototypes are used for first
order analysis and for detailed analytical decomposition of a complex system. Almost all sources
indicated some level of utilization of virtual models to improve the design or prototyping effort.
Significant research has been conducted and continues to focus on non-physical prototyping in
the design environment [40, 63]. This research focuses on a range of subjects from automatic
prototyping to abstract prototyping of a system with many unknowns. From the literature search it
is apparent that non-physical prototype is a flexible tool with more potential to be explored. This
further validates this theme in the study.

9.1.2.3 Collaboration can ease an organization’s shortcomings in facilities and expertise
Collaboration can alleviate an organization’s shortcomings in facilities, materials, and expertise
with regards to project prototyping efforts. In fact, this is a major incentive for collaboration and
the focus of research in the area [64, 65].

However, it is difficult to execute above the

departmental level for communication, trust, and organizational culture reasons. This is verified
by the less positive interactions of collaboration above the departmental level, seen in Table 9.1,
on the prototyping process despite the apparent facilities and expertise benefits. These benefits
of collaboration and the limitations inhibiting design teams from taking advantage of them are
mentioned or examined in the notes of sources Section 7.2.1, Section 7.2.3, Section 7.2.4,
Section 7.2.5, Section 7.3.2, Section 7.4, and Section 8.2.5. An example of this trend in the
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sources is found in the NASA EPSCOR Proposal and subsequent progress review. From the
proposal:

“Traction experiments will be developed collaboratively with researchers at NASA
Glenn…Ideally, we will capitalize on existing NASA testing capabilities.”
However, in the subsequent progress report there was no collaborative testing between NASA
Glenn and Clemson. The EPSCOR proposal document assumed two key details: (1) a high
degree of organizational collaboration for testing purposes and (2) production of high fidelity
prototypes at Clemson University. However, the report revealed that organizational collaboration
had somewhat fallen apart and that Clemson was no longer building significant prototypes.
Instead Clemson had adopted a departmental collaboration model with the Department of
Materials Science on campus rather than using the planned organizational collaboration model.
Organizational

collaboration

had

deteriorated

due

communications difficulties, and cultural differences.

to

intellectual

property

concerns,

Additionally, Clemson had not had the

facilities, expertise, and had not allocated sufficient budget to fulfill their prototyping goals. This
added to the collaboration difficulties. This demonstrates how project limitations are found to
affect prototypes in the data analysis and is an example of how organizational collaboration and
above is difficult to execute.

However, the assumptions made during the proposal did not

consider that these project factors would be considerable issues. Perhaps better planning within
the capabilities of an institute and collaborative group would result in greater success. The
specific notes regarding this situation are found in the individual source reports, Section 7.3.1
and Section 7.3.2. In spite to the optimism for higher level collaboration to take advantage of
extra-organizational capabilities, the results are generally negative due to several factors. These
source facts and the current state of research into collaborative design validate the themes
identified in the study.
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9.1.2.4 Changes to design goals or constraints during a project result in reduced success
Changes to design goals or constraints during a project result in significant difficulties and
reduced success for prototyping efforts. It is thus favorable to ensure requirements and goals are
established as correctly as possible at the beginning of a project, but it is understandable that
new situations arise as the problem is better understood.

This is expressed as negative

interactions with effects “change in goals” and “change in constraints” in Table 9.1 on success
and interaction.

These negative trends are also seen in the individual source reports, most

notably those in Section 7.2.1, Section 7.2.2, Section 7.2.4, Section 7.3.2, and Section 7.4.
Changes in goals and constraints almost universally resulted in decreased success in these
sources. An excerpt from the interview with Beshoy Morkos is indicative of the treatment of this
issue in the source studies:

“It changed so much later on, a lot of the requirements, like the temperature, ended up
having essentially no effect on the design. It’s more like it became a material constraint in
that we couldn’t use visco-elastic materials…So a lot of those requirements slowly changed
over time because it became so conceptual that a lot of times you couldn’t specify a value
or a metric deriving from your requirements…I couldn’t have put a value because we hadn’t
selected a material. So a lot of those things just went out the window.”
This excerpt from the interview demonstrates confusion with the initial requirements set forward
by the customer. They essentially became useless because they were not well defined in the
context of the actual problem at hand. This is a common occurrence in design engineering and
can result in significant setbacks [13, 18, 36]. The literature and the study results indicate that it
is important to accurately enumerate requirements and goals as early as possible.

9.1.2.5 Low expertise result in high reliance on physical prototyping and reduced success
Low or unrelated expertise result in high dependence upon physical prototyping and reduced
overall success in the study. This is likely because prototyping is used excessively at great time
expense and often with little benefit, in order to make up for lack of experience on part of the
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designers. This is seen in the expertise data of Table 9.2, and further described in the fourth
trend of Section 9.1.1, where low and unrelated expertise resulted in significantly increased
reliance upon prototypes but far reduced prototyping success. This trend is noted, among other
sources, in the interview with Samantha Thoe:

“We didn’t do any mathematical analysis of any sort. There wasn’t a whole lot of analysis.
It was more like a workshop project; maybe we could have even put it together in a garage.
We didn’t even think to overbuild to compensate. The ceramics department eventually
determined that it wasn’t strong enough to accomplish their goals so they rebuilt the wheel
support structure around our original turntable to better suite their needs.”
This statement shows a heavy reliance upon the build of a physical prototype in lieu of needed
analysis or modeling. The outcome was that the prototype was not successful and needed to be
rebuilt by more experienced designers. Lack of experience is a general limitation encountered in
design and engineering environments. It is to be expected and must be worked around [66].
With regards to prototyping in design, it results in increased reliance upon physical prototyping.
However, more emphasis should be placed upon non-physical prototypes, utilization of
systematic design methods, and collaboration with individuals with more expertise to increase
design effectiveness when faced with expertise limitations. These measures are discussed in
Section 7.2.1, Section 7.2.3, Section 7.2.4, Section 7.2.5, Section 7.3.1, Section 7.3.2,
Section 8.2.4, and Section 8.2.5. Additionally, design education is an active field which focuses
on teaching design so as to mitigate expertise limitations [16, 51, 67, 68]. This lends substantial
validation to this outcome of the study.

9.1.2.6 Small teams are ineffective at detailed design prototypes
Small teams, as defined in Section 6.2, are ineffective at building detailed prototypes unless they
have significant budgetary freedom. This often results in shifting of priorities to take on lower
fidelity tasks in order to remain relevant to a project as noted in Section 7.2.1, Section 7.2.3,
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Section 7.2.4, Section 7.3.2, and Section 7.4. These trends are present in the individual source
data in Section 7.2.2, Section 7.2.5, Section 7.3.2, and Section 7.4, where prototypes that
involved small teams showed greater success with low technical levels.

A source example

derived from the interview with Bart Thompson states:

“If we’d remained focused at Clemson, as we were developing the initial concept, you just
wouldn’t have it. Imagine if Clemson was trying to make 4 or 6 wheels, you’ve made just
the one that we’re going to test for rolling resistance. You know how hard that was? What
do you think would have happened if you had to make up to 6 of them? You couldn’t do it.”
This statement implies that a smaller group could not develop prototypes at the rate needed to
meet the project goals.

This presented a significant limitation which inevitably had to be

corrected by bringing in outside collaborators, in this case CDM as noted in Section 7.3.2. In the
literature it is noteworthy that to correct these issues, technology and design research are moving
towards attempting to do more significant work with fewer resources and smaller groups [2, 69].
This lends support to the basis of this conclusion in the study.

9.1.2.7 Component level prototypes are more useful for design engineers
Component level prototypes are more useful to design engineers than system level prototypes
which are mostly geared towards progress demonstration. However, it is difficult to eliminate
demonstration prototypes due to the fact that they are often the only relevant outcomes of a
design project. This is exemplified by the fact that demonstration type system prototypes were
encountered in all study sources. This sentiment, that component prototypes are more useful for
design, was expressed during the course of the interviews, noted in Section 7.2.2 and Section
7.2.4. Component level prototypes were under-expressed in the data due to project emphasis on
system prototypes to meet milestones, and therefore this finding cannot be expressed in the
project factor data. The interview with Jaret Matthews contained this relevant statement:
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“I think quite often the return on investment for component level testing is much greater
than the system level prototyping. Thinking back to the Tweel, we played around with a lot
of different wire rope configurations, spacing and adhering methods, playing around with
different ways to clamp it down, and all of that was done at the 2D level where the Tweel is
a 3D structure.

That was what we needed to do and produced a decent amount of

information without a lot of effort.

That’s prototyping for the benefit of others rather than

itself, so I think component prototyping is of benefit mainly to a designer to flush out
concepts, but the ATHLETE as a system level prototype is almost mostly for the benefit of
proving to others that a concept like that is viable and a good thing to do.”
The statement expresses the opinion that in the designer’s experience, component level
prototypes are more useful from a design perspective than system level prototypes. However,
they also put forward the following statement about system prototype:

“There’s also another, I don’t know how one captures this, but there are also serendipitous
effects to having a system level prototypes that are far less likely to arise out of a CAD
model. One example, ATHLETE was always just a mobility system in the proposal, we
always envisioned driving and walking, but when we built we saw the potential of the limbs
as manipulators as well and basically made a new use out of them that we had not
originally realized. I don’t think we ever would have realized until we built it.”
So while component prototypes may be seemingly more beneficial to the designer, it does not
preclude that system prototypes have nothing to offer beyond their function as demonstration
models. This theme emerged from the experience of several designers, but it is not well studied
in the literature and this study does not obtain sufficient data to draw a conclusion with regard to
the benefits of applying component prototypes. However, it is an assertion that has potential
when examined from the perspective of previously established trends that state small teams are
ineffective at detailed design, prototyping efforts invariably take longer than expected, nonphysical prototypes are more flexible, and facilities are a major factor in prototype success.
Component level prototypes have the potential to reduce complexity, examine design problems
from a simpler angle, reduce facilities requirements, and provide more flexible physical models.
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Research targeted specifically at prototypes of varying complexity in the design process is not
found in the literature. Thus this study serves to establish that component prototypes are in need
of more thorough research and provides evidence to support the need for that investigation.

9.1.2.8 Flexibility in the prototyping process can help mitigate project limitations
Incorporating flexibility into the prototyping process can make up for other shortcomings such as
budget, expertise, and time. This is because flexibility offsets the importance of some of the
detailed design requirements which are often compromised by those limitations. This is noted by
several interviewees over the course of the study in Section 7.2.1, Section 7.2.2, Section 7.2.4,
and Section 7.4. However, due to limitations in the current data collection method, the data
aggregation is not capable of corroborating these statements. Prototype flexibility did not emerge
as one of the measures to be investigated as part of the project factors literature study; this is
likely due to its specialized nature as a component of prototype research.

The interview of

Joshua Summers generated a statement on the nature of flexible prototyping in design:

“The choices that we were making in terms of what we were making it out of, 80/20, we
chose it because it allowed us to be flexible and to not fixate on dimensions. It was much
more costly than buying material stock and welding it together, but it allowed us flexibility
and re-configurability. We knew that the design was not going to be exactly what we had
on paper. If we were going to build it we needed to recognize it was better to spend more
on expensive materials and reuse/reconfigure them, than it was to go with a cheaper
solution have to scrap everything.”
This statement shows that flexibility is desired to make up for a lack of detailed design. This
could have arisen from limitations in team size, budget, time, or expertise. The several sources
above cited prototype design flexibility as a contributor to prototype success or facilitator to allow
increased reliance on prototyping when faced with adversity in the design process. Flexibility in
design is also an active area of research because it allows different approaches to be taken to the
design process to account for project factor limitations which have been discussed earlier in this
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study [70, 71]. Thus the identification of flexibility in design as a relevant theme in this study is
supported by the research being conducted on design flexibility.

9.1.3 Literary Study Validation of Major Data Trends
Now that the primary study data has been analyzed and decomposed for its content, it
can be further evaluated by independent project data. Several trends discussed in Section 9.1.1
and Section 9.1.2 are corroborated by analysis of independent prototypes as discussed in the
individual cross-case reports. The aggregate project factor data from the literature study should
also show trends similar to those identified in Section 9.1.1. The combined project factor data of
the literature study is presented in Table 9.3 and Table 9.4.
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Table 9.3: Aggregated Detail Effects Comparison for Literature Study

Relative Success

Degree of Reliance

Interaction with Methods

OVERALL

Measures

0.40

0.20

1.00

0.46

(5)

(5)

(3)

(13)

0.57

0.29

0.60

0.47

National
Organizational

Collaboration

Departmental
Team
Personal
Concept Dev.

Project
Goals

(7)

(7)

(5)

(19)

0.67

0.58

-0.13

0.44

(12)

(12)

(8)

(32)

0.40

0.60

0.67

0.54

(5)

(5)

(3)

(13)

0.86

0.14

0.20

0.42

(7)

(7)

(5)

(19)

0.50

0.83

0.67

0.67

(6)

(6)

(6)

(18)

1.00

-0.50

1.00

0.50

(2)

(2)

(2)

(6)

-0.25

0.50

0.13

(4)

(4)

(8)

Detailed Design
Production

Detail

High

Technical
Level

Medium
Low
Organized
Methodical

Design
Methods

Planned
Occasional
None

Compressed
Timeline
Change in
Situational
Goals
Change in
Constraints
-1 is all negative, 0 is neutral, +1 is all positive
Other values are intermediate interactions between extremes
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Table 9.4: Aggregated Constraint Effects Comparison for Literature Study

Relative Success

Degree of
Reliance

Interaction with
Methods

OVERALL

Measures

0.60

0.10

0.88

0.50

(10)

(10)

(8)

0.00

0.00

0.00

(2)

(2)

(4)

0.25

0.80

0.50

(8)

(10)

(4)

(22)

0.57

0.00

0.57

0.38

(7)

(7)

(7)

1.00

0.00

Very High
High

Budgets

Medium
Low
Very Low

(28)

Constraint

Large

Team
Size

Medium
Small
High
Medium

Expertise

Low
Related
Unrelated
Materials

Other

(2)

(2)

0.67

0.33

0.55

(21)
0.50
(4)

1.00

0.57

(3)

(3)

(1)

(7)

0.20

0.20

0.50

0.27

(10)

(10)

(6)

1.00

1.00

(26)
1.00

(2)

(2)

0.33

0.33

0.00

0.29

(4)

(3)

(3)

(1)

(7)

Time
Facilities

-1 is all negative, 0 is neutral, +1 is all positive
Other values are intermediate interactions between extremes

In general, papers sampled during the literature survey demonstrated a clear bias
towards successful prototyping endeavors. However, due to the bias, the data concentrates on
positive patterns which can be used to corroborate positive patterns found within the primary
study. The bias can be interpreted to be the cause of the data concentration if it is assumed that
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successful prototypes share similar attributes and thus would group together when objectively
categorized. These studies add a degree of depth to the sampling even if each individual case is
limited. The primary study focused exclusively on the participants of a single far reaching project.
These literature sources offer a more diverse sampling. The data and notes of the literature
sources are analyzed to corroborate trends identified in Section 9.1.1 and Section 9.1.2.
Several examples of data corroboration are found, they are:

1. High prototype interaction and reliance almost universally resulted in high prototyping
success.
-

For project factors in Table 9.3 and Table 9.4, when qualitative measures of
prototype reliance and interaction with methods have a positive interaction (>0)
prototyping success is also generally positive. There are no exceptions in this
data as there were in the data from the primary study data in Section 9.1.1.

2. Higher order planning resulted in higher measures of success.
-

From the design methods component of Table 9.3, it is apparent that higher
levels of design method implementation result in higher prototype interaction and
success.

This mirrors the results of the primary study described in Section

9.1.1.

3. Higher expertise and budgets are more successful.
-

This is an obvious conclusion that can be seen in the expertise and budget
sections of Table 9.4. This matches the results of the primary study found in
Section 9.1.1.

179

4. Facilities are a major factor in prototyping success and reliance.
-

This can be observed in the individual literature studies, Section 8.2.2, Section
8.2.4, and Section 8.2.5, where facility access had a large effect on the
usefulness of a given prototype. This matches the results of the primary study in
Section 9.1.2.1 despite the fact that there is no specific facility dependent data in
the project factor data aggregation tables.

5. Non-physical prototypes are more flexible than physical prototypes
-

Studies where designers had fewer resources relied heavily on non-physical
prototypes to varying degrees of success in Section 8.2.1, Section 8.2.2,
Section 8.2.4, and Section 8.2.5.

Non-physical prototyping was able to

contribute significantly in each of the reports. One team, Section 8.2.5, was able
to cover sufficient ground to develop an advanced prototype with minimal funding
by intelligently utilizing non-physical prototyping in their process. This trend
matches the conclusions reach in Section 9.1.2.2 of the primary study.

Overall, the literature studies were not sufficiently broad to evaluate the all of the primary
case study. However, despite this shortcoming the literature survey is able to corroborate some
of the most important notes and trends identified for the primary study in Section 9.1.1 and
Section 9.1.2. For all conclusions and trends that there is data, the survey is able to corroborate
them. The literature study is able to demonstrate and support several of the conclusions derived
from the primary study. Given a larger literature study for prototyping examples it is likely that
more conclusions could have been supported.
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9.1.4 Analysis of Prototype Effectiveness for Project Factors
In order to develop a set of guidelines from the general trends found in the case study, it
is necessary to further analyze the breakdown of prototypes by their success when interacting
with the various project factors. The data collection protocol in Section 5.2 defines a method of
determining and depicting prototypes by their effectiveness against the measures used by the
data collection method. This decomposition aids in the development of project factor prototyping
guidelines by conveying which prototypes were found to be most successful or heavily utilized
when encountering specific design factors. This table is developed from the total study data,
including the literature study, and can be found in Table 9.5.
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Table 9.5: Most Appropriate Prototype Findings

National
Organizational
Collaboration

Departmental
Team
Personal
Concept Dev.

Project
Goals

Detailed Design

Detail

Production
High
Technical
Level

Medium
Low
Organized
Methodical

Design
Methods

Planned
Ocassional
None
Compressed Timeline

Situational

Change in Goals
Change in Constraints
Very High
High
Medium

Budgets

Low
Very Low

Constraint

Large
Team
Size

Medium
Small
High
Medium
Low

Expertise

Related
Unrelated
Materials
Time

Other

Facilities
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Interaction with
Methods

Degree of Reliance

Relative Success

Measures

The data for Table 9.5 is limited to the prototype sampling encountered in the study.
Thus it is dominated by physical and systems prototypes.

This makes it difficult to derive

conclusions regarding component and sub-system prototypes. However, there are still some
noteworthy details:

1. The smaller the team the lower fidelity the prototype needed
-

This can be seen clearly in Table 9.5 where the data indicates that smaller teams
are more successful using form type non-physical prototypes. Medium sized
teams, with more building resources, are more successful with detail physical
prototypes. This is consistent with trends identified in Section 9.1.2 which state
that smaller teams are ineffective at building physical prototypes and often
resorted to lower fidelity tasks.

It is also consistent with the conclusions in

Section 9.1.2.8 that flexible prototyping allows design teams to overcome project
limitations and that non-physical prototyping is more flexible than physical
prototyping.

2. The more conceptual the lower the fidelity prototype needed
-

This can be seen in the project goals data of Table 9.5. The data indicates that
detailed design tasks require higher fidelity prototypes to be success. This is
consistent with the definition of the stages of the design process [18] as well as
the trends identified in trend seven of Section 9.1.1 which states that conceptual
designs are more successful than detailed designs given the common limitations
of the study. This is because conceptual design faces greater project restrictions
than detailed design due to uncertainty, as noted in Section 7.2.2, Section 7.2.3,
Section 7.2.4, and Section 7.4, and thus would have smaller teams and

183

budgets. This would mean that relying upon lower fidelity prototypes would result
in higher success due to these limitations.

3. Non-physical prototypes are more applicable when things change
-

This trend is identified in the situational data of Table 9.5. The data indicates
that physical prototypes prevail when there is a change in goals or constraints.
There is heavy reliance on physical prototypes in this case, but non-physical
prototypes are more successful.

This indicates that despite the reliance on

physical prototypes the non-physical prototypes added more to the design
process in these situations.

This is consistent with conclusions in Section

9.1.2.1 and Section 9.1.2.8 which state that non-physical prototypes are more
flexible and that flexibility results in greater prototyping success. Changes in the
design process result in significant limitations as noted in Section 7.2.1, Section
7.2.4, Section 7.2.5, Section 7.3.2, and Section 7.4, and flexibility allows some
of those limitations to be mitigated as per Section 9.1.2.8.

4. Lower expertise requires simplifying the system or breaking it down
-

This trend can be seen in the expertise data of Table 9.5. Lower and unrelated
expertise results in a significant decrease in the fidelity of prototypes which are
successful and relied upon by the design team. Additionally, lower complexity
systems are used in these situations more heavily and to greater effect than
otherwise encountered in the study.

This indicates that greater focus on

subsystems and components may be necessary when faced with limitations in
expertise. This is consistent with trend four of Section 9.1.1 which asserts that
lower expertise has a negative impact on prototype success.

The study is

dominated by higher fidelity system prototypes which could partially explain the
reduced success due to lower expertise.

184

Lower fidelity and complexity

prototypes could have resulted in greater success in design teams with lower
expertise as suggested in Section 9.1.2.5.

5. Non-physical prototypes are more successful despite lower reliance on them
-

This trend can be seen in the relative success and degree of reliance data in
Table 9.5.

Most project factors result in a heavier reliance upon physical

prototyping, but despite this non-physical prototypes are often more successful.
This is consistent with the conclusions in Section 9.1.2.2 and Section 9.1.2.8
which state that greater prototype flexibility allows project limitations, which are
prevalent in the study, to be more easily overcome and that non-physical
prototypes afford the designer that flexibility. This is also stated directly in the
sources of Section 7.2.1, Section 7.2.2, Section 7.3.1, and Section 7.4.

These conclusions, drawn from Table 9.5, supported by aggregated project factor data,
and discussed in the individual sources, further aid in the development of prototyping guidelines.
Given the direct purpose of Table 9.5 to identify the appropriate prototypes for specific prototype
factors, these trends can more directly be used to generate those guidelines. Furthermore, these
trends give additional support to conclusions drawn in Section 9.1.1 and Section 9.1.2. Now
that trends are identified and conclusions drawn using pattern matching of the aggregated project
factor data, analysis of the source notes, and compilation of an appropriate prototypes table as
seen in Table 9.5, prototyping guidelines can be generated to aid the designer in the
consideration of project factors as part of the method developed in Section 2.3.

9.2 Development of Project Factors Guidelines
The trends and themes identified in Section 9.1.1, Section 9.1.2, and Section 9.1.4
summarize the effects of project factors on the prototyping process as could be discerned from
the study. These trends and themes can be applied to the development of applicable guidelines
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to account for project specific factors in the prototyping process developed in Section 2.3. These
guidelines are created to account for the data and aid the designer in determining their general
approach to prototyping procedure, coordinating prototype construction and experimentation, and
refining the applicable prototyping options. The guidelines developed are:

1. Facilities must be considered: Facilities limitations are a major inhibiting factor to physical
prototyping.

These limitations should always be considered in the initial planning

because they are exceptionally difficult to overcome. Allocations can be made towards
increasing prototype flexibility or increasing reliance upon non-physical prototyping. If
measures needed to compensate for facilities limitations inhibit the ability to address all
the design needs, then it is best to assume that the goals of prototyping effort are not
practical without collaborative help. This focuses the prototyping efforts on what can be
done rather than attempting to meet unrealistic expectations.

2. Accounting for expertise and difficulty: Available expertise and the technical level of a
design problem have major effects on the treatment of prototyping in design. These must
be considered when developing a prototyping plan and allocations can be made to
account for project specific needs. Design problems which are well understood, either
due to high available expertise or low technical level, can rely heavily upon non-physical
prototyping to increase measures of success while reducing cost. Alternatively, when
faced with generally low expertise or high technical level, physical prototyping should be
used to compensate and to develop a better understanding of the design system.

3. Compensating for budget and team size: Limitations related to budget and team size
have different effects on prototyping in design than shortcomings in expertise, facilities, or
materials. They do not increase the desirability of options by ensuring greater success
through different approaches. Instead, they limit the options the designer is capable of
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exploiting. Given these limitations, non-physical prototypes should be utilized as heavily
as possible even though they cannot bridge the knowledge gap that a physical prototype
could be used to address. When a physical prototype is required, it should be as basic as
possible to account for the project factor limitations while still addressing the design
needs. This approach allows the available resources to be used most effectively.

4. Establish an accurate plan:

Changes in prototyping goals and constraints have a

negative impact on measures of success. Changes to goals and constraints can arise
from bad requirement modeling, misinterpretation of design problem, new understanding,
or a number of other sources. The necessity for these changes must be minimized in
order to effectively apply prototyping practices. Thus, while establishing a prototyping
process, the design needs must be thoroughly understood based on firmly establish
goals and constraints derived from the best possible knowledge at the time. It is almost
certain that changes will be needed, but reducing their frequency reduces the impact and
increases overall measures of prototyping success.

5. Reduce prototyping difficulty:
increased build difficulty.

Increases in prototype complexity and fidelity result in

This creates higher demands on expertise, facilities, and

budget which could inhibit prototyping success dependent upon project specific
resources available.

In order to compensate for this possibility, efforts should be made

to use the least complex prototyping options available to meet the design needs. This
approach has the added benefit that it reduces time spent on prototyping, by reducing
build time which is noted as a limitation in the sources of Section 7.2.1, Section 7.2.4,
Section 7.2.5, and Section 7.4, and allowing them to be deployed in the design process
more efficiently. Thus, reducing prototyping difficultly reduces negative effects of project
specific limitations and allows for more time efficient prototype deployment in the
development process.
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6. Integration of Prototyping: Prototyping is an integral component of the design process,
but it relies heavily upon designer input. Thus, it must be integrated into the design
methods deployed for it to be most useful. Prototypes should only be used as part of a
more complete process with a predefined purpose. Prototypes which are built without
purpose rarely contribute anything valuable to the project as a whole. This builds upon
the need to establish an accurate plan because prototypes must also have a defined
purpose supported by validated designer decisions. Design methods help to provide this
validation, and thus prototypes which are validated through interaction with the design
process have better defined purposes.

7. Reduce need for physical prototyping: Physical prototypes prove invaluable for testing
certain aspects of design and demonstration, but they are also susceptible to several
limiting project factors. Non-physical prototyping has advanced sufficiently with virtual
models and computational analysis that it can now fulfill some design needs once
dominated by physical prototypes. Non-physical prototypes are not as susceptible to all
of the project limitations as physical prototypes. Most notably, facilities and materials,
two of the most negative project effects on prototyping, have virtually no affect on nonphysical prototypes, while budgets, team size, and expertise have diminished negative
affects. Additionally, non-physical prototypes can often be implemented with less cost
and reduced time expenditure. Thus, if any prototyping task can be accomplished with a
non-physical prototype, it is advisable to use one.

All guidelines are created using the trends and evidence compiled in Section 9.1.1,
Section 9.1.2, and Section 9.1.4.

The individual sources used to define and justify each

guideline are enumerated in Table 9.6.
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Table 9.6: Sources for Guideline Creation
Guidelines

Section 9.1.1
Trends

Facilities must be considered
Accounting for expertise and difficulty

3, 7
8, 4, 7

Compensating for budget and team size

8

Establish an accurate plan

6, 5

Reduce prototyping difficulty

3, 7

Integration of prototyping

1, 2

Reduce need for physical prototyping

3

Section 9.1.2
9.1.2.1
9.1.2.2
9.1.2.8
9.1.2.2
9.1.2.5
9.1.2.3
9.1.2.6
9.1.2.4
9.1.2.8
9.1.2.6
9.1.2.7
9.1.2.3
9.1.2.4
9.1.2.1
9.1.2.2
9.1.2.7
9.1.2.8

Section 9.1.4
Trends
5
2, 4
1
2, 3
1, 5
3

2, 5

All guidelines are established by at least four separate trends or sources of evidence which are
supported by study data, identified independently, and cross-validated against each other. All
trends developed in Section 9.1.1, Section 9.1.2, and Section 9.1.4 are used in the
development of the guidelines to some extent.

Thus, with the guidelines recognized it is

necessary to establish the relationships between the prototype specific factors in order to
complete the prototyping process established in Section 2.3.

9.3 Development of Taxonomic Relations
The method for determining taxonomic relations is established in Section 5.3 along with
the rest of the data analysis protocol. Furthermore, data is collected for the study in Chapter 7
and Chapter 8 for the prototype factors information. The data is analyzed separately for design
needs and prototype roles. The aggregate data from all sources for the design needs is tabulated
in Table 9.7 and Table 9.8.
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Table 9.7: Aggregate Design Needs Data for Physical Prototypes
PROTOTYPE DESIGN NEEDS

System

Basic
Detailed

1.00

0.50

0.20

0.00

0.40

(1)

(6)

(5)

(1)

(5)

0.00

0.33

0.00

(2)

(3)

(4)

0.33

1.00

0.50

0.00

(3)

(1)

(4)

(1)

0.00 -1.00
(3)

(1)

-1.00 1.00
(2)

(1)

0.00

0.50

1.00

(1)

(6)

(2)

Number of Samples

Average Value

(1)

Optimize Design

1.00

(1)

Configure System

Conceptual Designs

1.00

Inter.

1.00

(2)

0.27

(22)

0.00

(12)

0.50

(18)

-1.00

(2)

1.00

(3)

Sub-sys

Form
Basic
Detailed

-1.00 -1.00
(1)

(1)

1.00

1.00

1.00

(1)

(1)

(1)

Realistic
Form
Comp.

Physical

PROTOTYPE OPTIONS

Realistic

Concept
Select.

Aesthetic Evaluation

Form

Proof of Production

Proof of Product

Design
Validation

Proof of Concept

Evaluate Properties

Dev. Analytical Methods

Exp.

Basic
Detailed
Realistic
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Table 9.8: Aggregate Design Needs Data for Non-Physical Prototypes
PROTOTYPE DESIGN NEEDS

Basic
Detailed

-1.00

1.00 -1.00

(1)

(1)

1.00

1.00

1.00

(1)

(1)

(1)

(1)

1.00

0.33

1.00

0.00

0.66

0.25

(1)

(3)

(1)

(1)

(3)

(4)

Number of Samples

Average Value

Optimize Design

Inter.

Configure System

Conceptual Designs

Concept
Select.

Aesthetic Evaluation

Proof of Production

Proof of Concept

Evaluate Properties

Dev. Analytical Methods
System

Form

Proof of Product

Design
Validation

Exp.

-0.33

(3)

1.00

(3)

0.46

(13)

1.00

(1)

Sub-sys

Form
Non-Physical

PROTOTYPE OPTIONS

Realistic

Basic
Detailed
Realistic

Comp.

Form
Basic
1.00

Detailed

(1)

Realistic

This data can be further decomposed by the variety, complexity, and fidelity parameters as
performed in Section 5.3. This is done for prototype variety in Table 9.9, prototype complexity in
Table 9.10, and prototype fidelity in Table 9.11.
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Table 9.9: Design Needs Data Decomposition for Prototype Variety
PROTOTYPE DESIGN NEEDS

Aesthetic Evaluation

Conceptual Designs

Configure System

Optimize Design

Physical
Prototypes

Average Success

0.3

0.4

0.2

0.4

0.5

0.5

0.1

0.5

Sample Size

(3)

(14) (12)

(5)

(2)

(8)

(11)

(4)

Non-Physical
Prototypes

Average Success

0.3

0.3

1

1

0

0.8

0.2

Sample Size

(3)

(3)

(1)

(1)

(1)

(5)

(6)

Proof of Production

Proof of Product

Inter.

Proof of Concept

Concept
Select.

Evaluate Properties

Design
Validation

Dev. Analytical Methods

Exp.

The data in Table 9.9 indicates that physical prototypes have an inclination towards evaluating
properties, conceptual designs, and design optimization while non-physical prototypes are more
suited for configuring systems. Both varieties are about equal for developing analytical methods;
this is likely because both are necessary for the process. Conclusions are not made for proof of
concepts, proof of production, or aesthetic evaluation. Given that this is the first tier of the
morphological prototype option determination, those needs can be assigned upon inspection of
fidelity and complexity.
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Table 9.10: Design Needs Data Decomposition for Prototype Complexity

-1

-1

Sample Size

(1)

(1)

Component
Prototypes

Average Success

1

1

1

1

(1)

(1)

(1)

(1)

Sample Size

0.3

0.4

0.7

0.4

0.3

0.2

(15) (11) (5)

(3)

(8)

(16) (9)

Proof of Production

Optimize Design

Average Success

Configure System

Sub-system
Prototypes

Sample Size (6)

Conceptual Designs

0.4

Aesthetic Evaluation

Average Success 0.3

Proof of Product

Evaluate Properties

System
Prototypes

Proof of Concept

Dev. Analytical Methods

PROTOTYPE DESIGN NEEDS
Design
Concept
Exp.
Inter.
Validation
Select.

The data in Table 9.10 is dominated by system level prototypes. Thus it is difficult to discern
where component or sub-system prototypes may outperform then due to insufficient data.
However, it can be seen that system prototypes excel most at aesthetic evaluation, evaluating
properties, proof of product, and conceptual designs. Conclusions are not drawn for sub-system
and component prototypes due to the insufficient data.
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Table 9.11: Design Needs Data Decomposition for Prototype Fidelity
PROTOTYPE DESIGN NEEDS

1

1

1

-1

Sample Size

(1)

(1)

(1)

(1)

(1)

Basic
Prototypes

Average Success

Proof of Production

-1

Proof of Product

Average Success

Proof of Concept

Form
Prototypes

Evaluate Properties

Optimize Design

Inter.

Configure System

Concept
Select.

Conceptual Designs

Design
Validation

Aesthetic Evaluation

Dev. Analytical Methods

Exp.

1

0.5

0.3

0

0.4

0.3

-1

Sample Size

(2)

(6)

(6)

(1)

(5)

(4)

(1)

Detailed
Prototypes

Average Success

0.3

0.2

0

1

0.5

-0

0.5

Sample Size

(3)

(8)

(6)

(1)

(2)

(5)

(6)

Realistic
Prototypes

Average Success

0.3

1

0.5

0

0

0.5

1

Sample Size

(3)

(1)

(4)

(1)

(1)

(6)

(2)

The data in Table 9.11 can be used to discern the relative strengths of different fidelity prototypes
in meeting specific design needs. Upon evaluation of the data, basic prototypes are most adept
at developing analytical methods, evaluating properties, and proof of concept.

Detailed

prototypes are most adept for aesthetic evaluation, conceptual design, and design optimization
needs. Finally, realistic prototypes are best suited to proof of product and system configuration
needs.

There is not sufficient data to define the appropriate design needs for form type

prototypes.
The data aggregated from the decomposition tables can be aggregated into the tool
developed in Figure 5.14. Thus the pattern analysis of Table 9.9, Table 9.10, and Table 9.11 is
summarized in Table 9.12.
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Complexity
Fidelity

Prototype Options

Variety

Table 9.12: Relationships between Prototype Options and Prototype Design Needs

Physical
Non-Physical
System

Design Needs
Option is most appropriate for…
Evaluate Properties, Conceptual Designs, Design Optimization,
Develop Analytical Methods
Configure System, Develop Analytical Methods
Aesthetic Evaluation, Evaluate Properties, Proof of Product,
Conceptual Designs

Sub-system

INSUFFICIENT DATA

Component

INSUFFICIENT DATA

Form

INSUFFICIENT DATA

Basic

Develop Analytical Methods, Evaluate Properties, Proof of
Concept

Detailed

Aesthetic Evaluation, Conceptual Design, Design Optimization

Realistic

Proof of Product, Configure System

All design needs are covered with the exception of proof of production. None of the prototypes
analyzed during the study needed to fulfill that particular design need. Thus, with the exception of
sub-system, component, and form type prototypes, this table can be used to make prototype
option recommendations for specific design needs imposed by a project. However, this is only
one component of the prototype selection process outlined in Figure 2.4. The data for prototype
roles must also be decomposed and related back to the prototype options. The aggregated data
for the prototype roles derived from the study is presented in Table 9.13 and Table 9.14.
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Table 9.13: Aggregate Prototype Roles Data for Physical Prototypes
PROTOTYPE ROLES

System

Detailed

1.00

0.75

0.40

(3)

(4)

(5)

-0.33 1.00
(3)

0.00 -1.00 0.00
(4)

(1)

(1)

-1.00 1.00

0.33

0.50

0.00

(3)

(2)

(2)

1.00

0.33

(1)

(3)

(1)

(2)

(1)

1.00

0.66

1.00

0.00

0.50

0.33

1.00

(2)

(3)

(1)

(2)

(6)

(3)

(1)

Number of Samples

Average Value

Customer Demand

Milestones

Refine Process

Refine Funcitonality

Develop Assembly

Visual/Tactile Properties

Demo.

(2)

Realistic

0.00

(2)

0.36

(25)

0.09

(11)

0.55

(18)

-1.00

(3)

1.00

(1)

Sub-sys

Form
Basic
-1.00

Detailed

(1)

-1.00 -1.00
(1)

(1)

Realistic
Form
Comp.

Physical

PROTOTYPE OPTIONS

Integration

0.00

Form
Basic

Configuration

Comm.

Functionality

Unknown Factors

Performance

Learning

Basic
Detailed

1.00
(1)

Realistic
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Table 9.14: Aggregate Prototype Roles Data for Non-Physical Prototypes
PROTOTYPE ROLES

Basic
Detailed

1.00

1.00

(1)

(1)

1.00
(2)

0.00 -1.00 0.50
(2)

(1)

(2)

1.00

0.50

1.00

(1)

(2)

(1)

Number of Samples

Average Value

Customer Demand

Demo.

Milestones

Refine Process

Refine Funcitonality

(1)

Develop Assembly

1.00

(1)

Functionality

1.00

(1)

Unknown Factors

Visual/Tactile Properties

Integration

-1.00

Performance
System

Form

Comm.

Configuration

Learning

0.33

(3)

1.00

(2)

0.45

(11)

1.00

(2)

Sub-sys

Form
Non-Physical

PROTOTYPE OPTIONS

Realistic

Basic
Detailed
Realistic

Comp.

Form
Basic
Detailed

1.00

1.00

(1)

(1)

Realistic

As with the design needs, this data can be further decomposed by the variety, complexity, and
fidelity parameters as performed in Section 5.3. This is done for prototype variety in Table 9.15,
prototype complexity in Table 9.16, and prototype fidelity in Table 9.17.
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Table 9.15: Prototype Roles Data Decomposition for Prototype Variety
PROTOTYPE ROLES
Learning

Refine Functionality
0.36

(5)

(11)

(3)

(3)

(11)

()

-1

0.67

1

0.5

1

1

1

(1)

(3)

(2)

(2)

(1)

(1)

(1)

Sample Size

(7)

(7)

Average Success 0.5 0.33
Sample Size

(4)

(3)

Customer Demand

Develop Assembly
0

Milestones

Visual/Tactile Properties
0.33

Refine Process

Configuration
-0

Unknown Factors

Functionality

Non-Physical
Prototypes

Demo.

Average Success 0.43 0.86 0.4

Performance
Physical
Prototypes

Integration

Comm.

0.22

0

(9)

(4)

The data in Table 9.15 indicates that physical prototypes are more adept at fulfilling learning
unknown factors, communicating functionality, and demonstrating milestones roles. Non-physical
prototypes perform better at fulfilling communicating configuration, communicating visual/tactile
properties, developing assembly, refining functionality, refining process, and customer demand
roles. Both varieties perform well for learning performance specifics, but this is subject to the
specific limitations of each variety as discussed in Section 9.1.2.2 and Section 9.1.4.
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Table 9.16: Prototype Roles Data Decomposition for Prototype Complexity
PROTOTYPE ROLES
Integration

Configuration

Visual/Tactile Properties

Develop Assembly

Refine Functionality

Milestones

Customer Demand

0.4

0.7

0.2

0.1

0.6

0.2

0.5

0.4

0.5

Sample Size (10)

(9)

(6)

(14)

(5)

(5)

(11)

(8)

(4)

Average Success

-1

-1

-1

Sample Size

(1)

(1)

(1)

System
Prototypes

Average Success

Sub-system
Prototypes
Component
Prototypes

Average Success
Sample Size

Refine Process

Functionality

Demo.

Unknown Factors

Comm.

Performance

Learning

1

1

1

(1)

(1)

(1)

The data in Table 9.16 is dominated by system level prototypes just as Table 9.10 which means
that it is likewise difficult to discern the performance of component and sub-system level
prototypes with regard to the roles of prototypes. However, it is apparent that system prototypes
perform best at learning performance and unknown factors, communicating visual/tactile
properties, refining functionality, and demonstrating for milestones and customer demand.
Conclusions for sub-system and component prototypes are not drawn due to insufficient data.
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Table 9.17: Prototype Roles Data Decomposition for Prototype Fidelity
PROTOTYPE ROLES
Integration

0.3

1

Sample Size

(1)

(3)

(1)

Basic
Prototypes

Average Success

0

-1

0

0.5

0.5

0

Sample Size

(4)

(4)

(5)

(4)

(1)

(1)

(4)

(2)

(2)

Detailed
Prototypes

Average Success

0.3

0.5

-1

-0.3

1

0.5

0

1

-0

0

Sample Size

(6)

(4)

(1)

(4)

(2)

(2)

(2)

(1)

(4)

(2)

Realistic
Prototypes

Average Success

1

0.7

1

0

0.5

0.3

1

(2)

(3)

(1)

(2)

(6)

(3)

(1)

Sample Size

Refine Process

0.4

Functionality

0.8

Unknown Factors

1

Performance

Customer Demand

-1

Milestones

Average Success

Refine Functionality

Form
Prototypes

Demo.

Develop Assembly

Visual/Tactile Properties

Comm.

Configuration

Learning

The data in Table 9.17 is used to determine the most effective prototype fidelity for specific roles.
Basic prototypes are best at fulfilling learning performance, communicating functionality, and
milestones roles.
process roles.

Detailed prototypes are more adept at developing assembly and refining

Finally, realistic prototypes perform well at communicating configuration and

customer demand roles. Basic, detailed, and realistic prototypes perform similarly at learning
unknown factors, while basic and realistic prototypes are suitable for refining functionality. All
prototypes, with the exception of those of basic fidelity, communicate visual/tactile properties well.
However, there is insufficient data from the study to make a strong case for form prototypes in
Table 9.17.
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The data aggregated from the decomposition tables can be aggregated into the tool
developed in Figure 5.14. Thus the pattern analysis of Table 9.15, Table 9.16, and Table 9.17 is
summarized in Table 9.18.

Table 9.18: Relationships between Prototype Options and Prototype Roles

Complexity

Physical
Non-Physical
System

Unknown Factors, Functionality, Milestones
Configuration, Visual/Tactile Properties, Develop Assembly,
Refine Functionality, Refine Process, Customer Demand
Performance, Unknown Factors, Visual/Tactile Properties,
Refine Functionality, Milestones, Customer Demand

Sub-system

INSUFFICIENT DATA

Component

INSUFFICIENT DATA
Visual/Tactile Properties

Form
Fidelity

Prototype Options

Variety

Prototype Roles
Option is most appropriate for…

Basic
Detailed
Realistic

Performance, Functionality, Milestones, Unknown Factors,
Refine Functionality
Develop Assembly, Refine Process, Unknown Factors,
Visual/Tactile Properties
Configuration, Customer Demand, Unknown Factors, Refine
Functionality, Visual/Tactile Properties

All prototype roles are covered by the relationships in Table 9.18.

Thus, with the

exception of sub-system and component prototypes, this table can be used to make prototype
option recommendations for specific prototype roles imposed by a project. With the definition of
project factor guidelines, prototype factor relationships, and the development of the process, all
components identified in Section 2.3 are established. Thus, a method of analyzing and applying
prototyping using the case study method has been established and completed. Now the potential
of that study and its output, in the form of the conclusions, relationships, and guidelines drawn,
must be evaluated.
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Chapter 10: CONCLUSIONS AND FUTURE WORK

The study was developed to analyze the various prototype and project factors affecting
prototyping in the design process. Over the course of the study, thirty-nine prototypes were
discussed and decomposed, with twenty-six coming from the primary study and thirteen coming
from the supplementary literature sources. These prototypes can be broken down by how they
are described by the taxonomy developed in Section 3.3. This is done in Table 10.1.

Table 10.1: Decomposition of Study Prototypes by Classification

form
basic
detailed
realistic
form
basic
detailed
realistic
form
basic
detailed
realistic
form
basic
detailed
realistic
form
basic
detailed
realistic
form
basic
detailed
realistic

1

2

2
10
5
8

25

28

39
1

1
1

2
1
6
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Total Study
Samples

1

1
1

1

Samples by
Variety

Samples by
Complexity

Samples by
Fidelity

Fidelity

Complexity
comp
sub
system
system

sub
system

comp

system

Physical
Non-Physical

Heirarchical Morphological Prototype Taxonomy

Variety

Prototype Descriptors Sample Collection Summary

9

11

The study was dominated by physical variety and system complexity prototypes as can
be seen in Table 10.1. Additionally, component complexity, sub-system complexity, and form
fidelity prototypes are underrepresented in the data. Thus, results of the cross-case analysis in
Chapter 9 tended to reflect this data concentration in the final guidelines and relationships
identified. Trends for component and sub-system prototypes could not be determined due to lack
of sufficient data to establish a baseline for those prototype complexity levels, and only minor
details of the prototyping roles of form fidelity prototypes could be discerned. Still, the study
shows promise in its ability to develop relationships between major prototyping factors and create
guidelines based on the large set of possible project factors.

10.1 Effectiveness of Approach
The most significant contributions of this research are contained within the guidelines
established for project factors and the relationships identified for prototyping factors.

The

guidelines were developed through trends in aggregate project related data, cross-referencing of
independent source notes, validation through consistency with other trends which were identified,
and identification of synergistic or related research in the field of design. The triangulation of the
case study during the design process aided significantly in the corroboration of data during
analysis. The development of guidelines to account for project factors during the prototyping
process did not rely upon statistically significant data sets. However, in accordance with the case
study method, analytical significance was obtained through independent validation by multiple
supplementary sources and approaches. Thus, these guidelines are proposed with a degree of
confidence which extends beyond the sample collected for the study itself. This is significant
because the guidelines present valuable suggestions for the application of prototyping in a variety
of design environments at different types of institutions. These guidelines are often contradictory
to the actions observed to be taken by the designers in the study, which could result in diminished
prototyping and design outcome results. For example, it was discussed in the sources of Section
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7.2.1 and Section 7.2.4, that senior design students developed prototype lunar wheel systems in
a limited time frame, with some minimal expert guidance, and a very limited budget. Thus, the
students had low expertise, were faced with a problem of fairly high technical difficulty, had a low
budget, and were constrained to a limited timeframe. This placed significant limitations upon the
project which were difficult for the students to overcome. The application of the guidelines would
have given the team four general recommendations regarding their specific project factors:

1. Establish an accurate plan early (Guideline 4)
2. Physical prototyping is absolutely necessary (Guideline 2)
3. Physical prototypes should be of low fidelity and complexity (Guidelines 3 and 5)
4. Rely as much as possible on non-physical prototyping (Guidelines 1, 3, 5, and 7)
These suggestions, returned from the guidelines, are accurate given the experiential analysis by
the author. The most successful prototyping efforts inevitably followed a path consistent with
these suggestions. This provides further validation for the results of the guidelines. However, it
is evident that if such guidelines had been applied early in the design process, interpreted
correctly, and applied rigidly, then lunar wheel prototyping and overall design efforts could have
been more successful and moved more quickly.
As much as can be shown through anecdotal evidence and independently verified
analytical logic, the guideline development through the case study was successful.

The

guidelines have potential to be useful and contribute to systematic design processes if structured
and applied correctly.

Furthermore, while some of the guidelines return seemingly obvious

suggestions, if applied together for a specific set of project factors the complex suggestions
generated can become quite specific, and less apparent, as seen in the example above. Thus,
the potential for the guidelines is to elevate the designers understanding of the specific project
situations they face with regards to prototyping and suggest general courses of action to best
accommodate those situations.
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The relationships developed in Section 9.3 also have the potential to be significant
contributions of this research to prototyping practice. Though this outcome is not as immediately
applicable to a specific design project as the guidelines developed in Section 9.2, they can be
more rigidly defined and systematically applied in a potential prototyping process or tool such as
the one outlined in Figure 2.5. These relationships follow a more traditional approach of taking
raw data or designer interpretation and converting it into a discrete and definable design
objective; in this case, this is a prototype with specific relative characteristics of variety,
complexity, and fidelity.

The method used to identify relationships between taxonomic

classifications developed in Chapter 3 was able to differentiate between some good, bad, and
neutrally successful prototype possibilities for various prototype roles and design needs with a
very limited set of data. This was done with a reasonable degree of certainty for system variety
prototypes which had a more significant sample data set. Trends that matched common designer
understanding emerged in Table 9.12 and Table 9.18. For example, realistic prototypes were
more adept at fulfilling more complex prototyping roles and meeting project design needs that are
generally necessary later in the process. Furthermore, the relationships showed trends that were
consistent with the trends noted in Section 9.1, which were analytically verified through a number
of sources.

For example, design needs such as proof of product, design optimization, and

configure system normally occur during detailed design stages, and the relationships indicate that
these particular needs are best fulfilled by realistic and detailed system level prototypes. Detailed
design was discussed in Section 9.1.2.6 and trend seven of Section 9.1.1. It was determined
that detailed design required greater capabilities on the part of the design team to prevent being
limited by project factors due to the requirement for higher fidelity and complexity prototypes.
Thus, the relationship is implicitly verified in the evidence collected for guideline development.
This type of validation through the cross-case evidence in Section 9.1 can be conducted
successfully for a number of the relationships indicated for prototyping roles and options, but they
cannot be universally verified by independent evidence. However, the research tool used to
generate them proved successful given the limited amount of data available in the study
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sampling. It is thus a tool and a method, incorporated into Figure 2.5, which shows distinct
potential as a prototype design tool which can be simply applied or used in concert with the
guidelines developed in Section 9.2.
Adding to the success of the primary study approach and tools, the prototyping process
established in Figure 2.5, and used over the course of the study, provided an effective framework
with which to base the decomposition of the prototyping process. It enumerated several of the
current shortcomings with the application of prototyping in a design environment and accounted
for them in a systematic manner. Thus, it was a successful interpretation of prototyping in design
because it allowed the process to be further delineated for the purposes of data collection in the
case study. Additionally, given that the outcome of the study, the tables and guidelines, are
integral components of the process in Figure 2.5, the research prototype process itself could be
theoretically deployed in a design environment. However, given current limitations in the data
collection which have been identified, this is not currently advisable. With the current limitations
of prototyping processes enumerated in Chapter 1, such a prototyping process, which relies on
empirical data from a methodical study, has significant potential to advance the state of
prototyping practice as a formalized component of systematic design. Though this process was
originally only intended to aid in the identification of factors affecting prototyping in the design
process, it was recognized over the course of the research as a contributor to the understanding
of prototype application developed from the study.
The research identified limitations in the current application of prototyping in design,
elaborated upon a prototyping process to incorporate the goals of the research, developed
prototyping research tools geared towards prototype and project factors, created prototyping
guidelines based on prototype factors, and identified relationships between prototype factors.
Each of these components of the research was successful because they either met the goals
imposed in Chapter 1 and Chapter 2, or because they were able to demonstrate potential for
their application in the design process. This demonstration of potential was either through crossreferenced and triangulated validation within the study or through the identification of current
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research literature showing independent recognition of similar trends. Thus, with the success of
the research in obtaining its goals or demonstrating the potential of the methods it used, the
research questions can be evaluated and future work can be established to improve upon the
research and move closer to achieving the potential identified in these concluding arguments.

10.2 Answering Research Questions
The initial research questions, developed to guide the creation of the study and
summarize the intent, were considered throughout the research. As the study evolved and a
more thorough understanding of the factors affecting prototypes in design was developed, the
interpretations of these questions, as they related to the research goals, began to change. It was
initially intended that these questions would allow prototypes to be characterized by their
effectiveness in a broad range of design scenarios. The research stayed true to that intent, but
the conclusions and results of the study were able to greatly expand upon the basic premises of
the original research questions. However, it is still necessary to determine how the completed
research addresses the original questions and to evaluate how the premises of the research
changed as the understanding of the factors evolved. The responses to the original research
questions are:

I.

What are the primary roles and design needs of prototyping in various design
environments?

Rather than identifying primary roles and design needs of prototyping in the process, the study
instead demonstrated that there are no primary roles and design needs in the design engineering
environments sampled within the study.

For example, while demonstration prototypes were

prominent, as can be seen in the individual source reports in Chapter 7 and Chapter 8, they did
not necessarily play a “primary” role. Several sources within the study, as noted in Section
9.1.2.7, identified the importance of smaller scale prototypes which do not fulfill the demonstration
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role, but instead facilitate the designer’s ability to generate a successful design. It was thus
determined that, while demonstration prototypes were necessary as project output and were
ultimately used to determine project success, they were not necessarily the primary contributors
to success. Additionally, many design needs were encountered in the study and observed to
change with several project factors, most notably project goals, as noted in Section 9.3. The
diversity of design goals encountered in the study sources indicated that there were in fact no
primary design needs. They are instead fluidly changing with the process, so they must be
identified and interpreted by the designer. Having identified no clearly dominate roles or design
needs in prototyping, the research is instead able to aid the designer in using them by creating
prototyping guidelines and identifying relationships between design needs, roles, and options.
These can be utilized during the design process to better interpret roles in needs so that they can
be better applied.

This approach to answering the question mitigates the need to make

generalizations or identify primary prototyping roles and design needs.

II.

How is the application of prototyping affected by the design methods of the various
organizations involved?

Over the course of the research, it became apparent that defining the application of prototyping
by design methods or organizations was a limited approach. Design methods are a single project
factor, among many, which affect the application of prototyping in design, as noted in Section
5.2. Thus, to account for this research question, a more comprehensive list of project factors was
generated through a literature review [1, 3, 4, 5, 6, 7, 9, 17, 18, 20, 36]. While project factors
were identified it became increasingly evident that many of them could be used to characterize
specific organizations. Collaboration, technical level, design methods, team size, budgets, and
expertise are project factors which could more accurately describe an organization’s practices
than categorizing them into restrictive organizational taxons such as governmental, private,
publicly traded, or academic. Thus, the original research premise of identifying the effects of
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design methods and organizational practices was abandoned. Instead, the effects of project
factors were substituted because they allowed for a more complete analysis and could be more
directly applied to achieving the research goals. Still, through the conclusions presented in the
cross-case analysis in Section 9.1, this research question can still be addressed.
The affects of design methods on prototyping are addressed implicitly by trends one, two,
five, six, and seven of Section 9.1.1 and again in Section 9.1.2.2, and Section 9.1.2.5. These
sections note that increasingly systematic application of design methods increase prototyping
success, are more effective when rigorously and accurately planned so as to prevent
modification, are most important during conceptual design phases, and become less important
when timelines are compressed. Organizational differences are addressed in a more general
way which covers all trends established within the study. Organizational differences can be
characterized by specific traits in the project factors, but are too varied to generalize due to
variation between organizations and within them.

For example, MARC has more advanced

expertise, better facilities, higher budgets, and better established, organized design methods than
Clemson University with regards to tire development.

However, they also work at a higher

technical level, have more advanced project goals, and tend to find it more difficult to collaborate
due to the competitive environment in which they operate.

All of these factors will affect

prototyping at Michelin and Clemson differently due to the divergent focuses of the organizations.
Because the variety is too great to generalize, the research accounts for these factors and
addresses the research question by using guidelines, in Section 9.2, which can be analyzed to
describe the various affects the project factors will have on different organizations on a case by
case basis. Thus, the research takes an indirect approach to answering this research question in
order to account for variability and allow the research to be more generally applied to design
environments.
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III.

How do the collaborative interactions between organizations influence the process?

Collaboration was covered extensively in the interviews which provided the bulk of study
information regarding the affect of collaborative efforts on prototyping practice. The potential for
collaboration and its shortcomings in practice were identified implicitly by the study using the data
collection method outlined in Section 5.2 and the accompanying analytical method in Section
5.3. Collaboration was identified as potentially one of the most important project factors affecting
prototyping within the design process, but it was also noted that it was the most difficult factor to
implement successfully. It was discussed extensively in the cross-case study in trend three of
Section 9.1.1, as well as Section 9.1.2.1, Section 9.1.2.3, Section 9.1.2.5, and Section 9.1.2.6.
Collaborating organizations have the opportunity to mitigate their own limitations and supplement
their capabilities in synergistic relationships with other organizations with different but synergistic
capabilities.

Collaboration was identified as one of the most important aspects of modern

engineering design, both in the study and in current literature.

However, in the study,

collaboration above the departmental level was cited as problematic and inhibiting for several
different reasons. Among these limitations, noted throughout the individual source reports in
Chapter 7 and Chapter 8, collaborative efforts often fail to live up to expectations due to cultural
incompatibilities,

communications

and

coordination

problems,

organizational

limitations,

bureaucracy, intellectual property protection concerns, lack of trust, differences in organizational
focus, and excessive effort to integrate organizations. In general, the study noted in Section
9.1.2.3 that collaborative efforts above the departmental level were often less successful that
lower level collaborative efforts. The studies also simultaneously noted that collaboration helps
over come significant limitations in facilities, materials, and expertise. These limiting factors are
identified in trend three of Section 9.1.1, Section 9.1.2.1, Section 9.1.2.3, and Section 9.1.2.5,
as having the most negative effect on prototyping success.

Thus the study addressed

collaboration directly, and found it to be a design practice with potential to overcome the most
significant limitations of prototyping and positively influence the design process.
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However,

collaboration has several obstacles above the departmental level which must be overcome for it
to be beneficial in design.

IV.

How do these different methods and outlooks affect the determination of effectiveness of a
prototype?

When design methods were identified as a component factor of the larger project considerations,
as stated in question two and discussed in Section 5.2, the study began focusing on qualitative
interpretations of designer perceptions to collect and interpret data against the research goals
established in Chapter 2. Thus, in addressing the primary research goals while utilizing the plan
established in Section 2.1, the premise of this research question expanded to incorporate all
project factors relevant to the prototyping process. The interaction of all project factors, between
each other and with the prototype effectiveness, was determined to be too complex to model
explicitly in Section 5.2. Thus, this research question was approached by identifying trends
within the aggregated project factor data collected in Chapter 7 and Chapter 8. This approach
allowed for methods and organizational approaches to be decomposed more thoroughly for
analytical interrogation, which in turn revealed several unique trends in Section 9.1.1, Section
9.1.2, and Section 9.1.4. These trends elucidated the application of design methods and the
organizational approach to prototyping more effectively that implicit statements within the source
documents. Prototype effectiveness was found, not only be affected by organizational outlook or
design methods employed, but also by any other factor which a project must accommodate. The
study of these complex interactions through the collection of qualitative evidence, consistency
analysis, and independent research validation, allowed for the creation of several guidelines in
Section 9.2. These not only summarized the project factor affects on prototype effectiveness,
but suggested means by which to improve the effectiveness of prototypes in design based on
other trends and evidence found within the same interaction data. Thus, this research question
was addressed by analyzing the complex interactions and project factors to determine their
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affects on prototyping effectiveness.

It was then expanded to incorporate additional data

collected during the study which suggested methods of enhancing prototype effectiveness when
presented with definable project variables. Therefore, the generation of prototyping guidelines
and the summarization of project factor affects on prototyping success addressed this research
question and expanded upon it drastically to extrapolate the implications of the findings.

10.3 Future Work
This research exceeded the initial expectations, set forth by the research goals
established in Chapter 2, by addressing each of the research goals and questions, then
elaborating upon them.

Not only did it demonstrate that there were distinctive relationships

between prototype and project factors in Section 9.2 and Section 9.3, but it was able to evaluate
them and generate analytically consistent guidelines for project factors and validate several
relationships between prototype factors.

Furthermore, though the full complexity of the

interaction between these factors was not possible to analyze in the case study, the research
established a relationship between them through the development of a prototyping process
framework. This process also elaborated upon other methods to demonstrate their shortcomings
and propose a new approach to address them. Finally, one area of research distinct from those
initially identified was recognized in Section 9.1.2.7.

It was apparent from the study that

significant evidence existed to suggest that lower level complexity prototypes could be more
valuable to the design process than their lack of recognition as a valid tool indicates.
This research provided a framework which can be used to better define the application of
prototyping in design and establish it as a more integral, methodical component in systematic
design methods. It did this by establishing a possible systematic process with research tools
supported by empirical data, which was analytically validated and supported by other research in
the field.

However, in order to take the research further and more thoroughly establish

prototyping as a methodical component of systematic design, some issues need to be addressed
and further research is needed.
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The greatest strength of this research was its ability to be flexible and incorporate the
evolving understanding of the prototype and project factors as they developed over its course.
The ability to intrinsically change and adapt the research questions in Section 10.2 is indicative
of that ability. However, some changes could not be incorporated in time that they could be
utilized in the course of the analysis and subsequent conclusions. These changes were identified
over the course of the study.

10.3.1 Expansion of Data Collection
Once the basic process template was created in Section 2.3, prototype factor
taxonomies defined in Chapter 3, data collection methods developed in Section 5.2, data
analysis methods outlined in Section 5.3, source report templates established in Section 5.4,
and the interview formulated in Section 7.1 and Appendix A, the study was relatively fast to
enact and conduct. Thus, with the framework done, the study can be expanded relatively quickly.
The study needs to be expanded to include more publicly traded, private, governmental, and
academic organizations to gather additional data and establish a larger analytical baseline.
Furthermore, this will help to address the data insufficiencies encountered for prototype roles and
design needs in Table 9.12 and Table 9.18. Additionally, collecting more data with respect to
component and sub-system prototypes allows for the further evaluation of their roles in the
prototyping process. This was identified as of potential importance in Section 9.1.2.7. Finally,
expansion of the study allows for further analytical validation of the conclusions already reached.

10.3.2 Modification of Interview
The original interview was formulated in Section 7.1 to account for the research
questions and goals as they were understood prior to the study being carried out. However, as
the study progressed it became apparent that the interview had become too broad to thoroughly
cover the data collection parameters established in Section 5.2. This increased the amount of
time required for interviews and data collection while also obfuscating the data collection process.
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In fact, it is apparent upon investigating the interview questions used in the study that they are not
consistent with the data requirements established in Section 5.2 to analyze the project and
prototype factors.

A single interview was conducted over approximately one hour, the

transcription process required another three to five hours, and data collection required between
five to ten hours depending upon the interviewee. Thus, the interview and data collection process
required between nine to sixteen hours per interview conducted. This is an exceptional amount
of time considering that no interview provided useful information on more than four prototypes. If
the study is to be expanded as suggested in Section 10.3.1, the interview must be refined.
The shortcomings of the interview formulated for the case study resulted in increased
time requirements for the study, decreased quantity and quality of data collected, reduced
coverage of the units of analysis and analytical space defined by the study, and the introduction
of significant amounts of translation between the interviewee, the transcript, and the data
collection tools. It can be safely assumed that some data integrity was lost in this translation. An
interview is still a desirable method of data collection as it allows for direct interaction with the
source and provides immediate feedback which can be incorporated into the research. However,
the shortcomings of the interview utilized in this research must be overcome to allow data to be
collected more quickly and accurately. To accomplish this, the interview must be reformulated to
focus intensely on prototype and project factors with questions designed to guide the interviewee
through the various effects and measures. Even then, the interviews must also allow for the
introduction of peripheral information so that new avenues of research can be identified for
possible exploration. Strict control and limitation of an interview is ill-advised, as noted in Section
7.1, and could lead to stagnation if the research tools are not forced to continually adapt to new
data types and study parameters.

10.3.3 Evolution of Project Factor Data Collection Parameters
In order to continue developing the research tools, the data collection methods must
adapt to eliminate possible shortcomings and to accommodate more demanding tasks. Both
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research tools developed in Section 5.2 performed beyond expectations and the subsequent
cross-case analysis demonstrated their potential to be applicable to the research goals as they
were defined in Section 2.1. However, certain effects which proved to be important to the study
were not accountable in the project factors data collection table. It was noted and recorded, as
predicted in Section 5.4, that the data collection table was not capable of accommodating all
project factor data. Most notably, prototype flexibility considerations by the design team were not
incorporated into the table. This emerged as an important trend in Section 9.1.2.1, Section
9.1.2.2, Section 9.1.2.7, and Section 9.1.2.8 as a component of the notes collected for each
source. Due to this shortcoming, the data collection table for prototype factors was not able to
analyze and provide additional verification for one of the more promising trends identified in the
study. Over the course of the study, three effects and one additional measure were identified to
allow the tool to more thoroughly categorize and store project factor data in the future. The
effects were: Types of Design Tools Used, Relative Time Expended, and Flexibility Design
Priority.

The measure was: Effectiveness of Resource Utilization.

By making this iterative

change to the project factors data collection table, the data collection construct is able to cover
more of the project factors space to ensure more analytical consistency between the prototype
factors data and the notes. This allows for more complete cross-validation between the notes
and project factor data, and thus it permits more comprehensive analysis and verification.

10.3.4 Redefinition of Research Questions
As can be seen in Section 10.2, the premise of the research questions defined in
Section 2.1 evolved as the research progressed. This occurred because the initial research
questions were based upon the understanding of prototyping in design as derived from the
original literature survey.

Upon decomposition of the problem, prototype factors and project

factors were identified which allowed the initial research goals to be explored in greater depth.
Thus the initial research questions became too simple and narrow to continue guiding the
research. However, now that the problem is thoroughly defined in Chapter 2, the shortcomings
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of the research method are identified in Section 10.3, and measures to account for them have
been described in Section 10.3.1, Section 10.3.2, and Section 10.3.3, more accurate research
questions can be formulated to further guide continuing research into the translation of project
needs into prototyping practices.

To this ends, four new research questions have been

formulated to expand upon the premise of the original research and explore other aspects of the
research tools. They are:

I.

There are some implicit conflicts in the guidelines and relationships as they are
currently established. To account for these situations, how are the various applicable
guidelines and relationships prioritized by the designer to make appropriate decisions
and can the research tools be deployed in such a way as to minimize these conflicts?

II.

The currently established guidelines and relationships are often consistent with
observed best practices in prototyping scenarios. However, there are some which do
not match known successful practices in some prototyping situations. Is this
indicative of a flaw in the method, are these specialized situations which are not
currently accounted for, or are there specific limitations of the applied research tools?

III.

This study was limited in its sample collection which resulted in shortcomings in data
encapsulating certain prototype options, prototype roles, and design needs. Despite
this, the research conclusions proved to be inter-consistent and analytically sound.
However, what effect would larger sampling of diverse prototypes have on the output
of the research tools and could it be used to further validate the study and refine the
research tools?

IV.

The research tools have demonstrated that they are analytically verifiable through
different sources and methods.

However, their output has not been tested in a
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design environment.

Furthermore, direct testing in a design environment is

challenging due to the many uncontrollable variables.
research must be interrogated and further verified.

The conclusions of this
Therefore, how can the

application of the project factor guidelines and prototype factor relationships be
tested and evaluated in a design environment, either directly or indirectly?

These four new research questions use the current research as a foundation and advance it to
the next stage. They do not account for the shortcomings or the measures recommended for
overcoming them in Section 10.3.1, Section 10.3.2, and Section 10.3.3. These improvements
over the current methods are components of the continuing research. However, while they are
considered to be evolutionary enhancements which contribute to the overall refinement of the
research method, they do not significantly change the focus of the research. The new research
questions fundamentally shift the focus of the research. This research focused on research tool
development and case study validation, but continued research will explore the limits of the
research tools and investigate the implications associated with applying the research conclusions
in prototyping practice.

10.4 Final Conclusions
The current research was able to establish a prototyping process, develop a taxonomic
classification system, create two independent data collection systems for the compression of
prototype and project factor data, design and conduct a case study to examine the application of
prototypes in design, and draw significant analytically generalized conclusions which allowed the
development of prototyping guidelines based on project factors and relationships between
prototype factors.

The original goal of the research was to better define the relationships

between prototype characteristics, roles, design needs, and project factors for mechanical
systems in order to allow prototypes to be more effectively and methodically implemented in the
design process, as stated in Chapter 2. The relationships between the various factors were in
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fact elucidated by the research. Furthermore, a comprehensive framework was developed in
Section 2.3 which allowed the research to be incorporated into a prototype design process. The
research conclusions were analytically consistent between several data sources within the study
and with the aims of current research in fields such as collaborative design, design education,
and design flexibility. The degree of validation which was possible both within the study and in
the literature, demonstrates the study’s potential as a prototyping research method.
To ensure the continued evolution of the study method, future research must allow more
accurate data collection at an accelerated rate using a reformulated interview, improve the project
factor data collection tool for more comprehensive inclusion of project factors and measures to
allow more complete cross-validation of trends and evidence, and expand the data collection
efforts to create a larger analytical baseline. Additionally, the research must shift focus. The
current research has demonstrated potential through analytical generalization and crossvalidation techniques, but future research must focus on exploring the limits of the research tools
and further investigating the implications of applying the research to prototyping practice. The
shift toward these more mature research goals can be seen in the reformulation of the original
research questions in Section 10.3.4.

The foundation developed in this research

comprehensively covers the applications of prototypes in design.

It can thus be used as a

framework for future studies into the application of prototypes in design. However, despite the
relative success encountered in the study, the research in its current state is highly specialized. It
requires further development through iterative improvements to become a more generalized and
applicable method.
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Appendix A: INTERVIEW FORMULATION

Interview Overview
Statement:
The purpose of the interview is to gather enough subjective information regarding the
development process from multiple organizations and individuals so that it is possible to gather a
statistically significant body of data in order answer the basic research questions.

Parameters:
Table A1.1: Interview Guidelines
Total Time Allotment
Time Allotment per Research Question
No. of Primary Questions
No. of Leading Questions per Primary
Objectives per Interview Question
Criterion for Completion of Question

~ 1 hour
~ 10-20 minutes
~ 9 - 12 (3 per research question)
~1
~2
1. Surpass Time Allotment
2. Satisfactorily Fulfill All Question Objectives
3. Interviewee Has No Further Input
4. Fulfill Triangulation Principle

Interview Controls:
Establish control of experiment (interviews):
1.
2.
3.
4.

similar duration
same question order
well rehearsed
methodically identify and discount deviations

Research Questions:
II.

III.

What is the role of prototyping in various design environments?
- ME402 Student Design Projects
- JPL Design Team
- International Research Team
How is the role of prototyping affected by the design methods of the various
organizations involved?
- Clemson
i. Faculty (Dr. Summers, Dr. Joseph)
ii. Student (Beshoy, Marisa, Samantha)
- JPL
i. Jaret Matthews
ii. Brian Wilcox
- Michelin
i. Bart Thompson
ii. Tim Rhyne
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IV.
V.

How do the interactions between organizations influence the process?
How do these different methods and outlooks affect the determination of
effectiveness of a prototype?
- How do skills and expertise available to a development team affect the outcome?

Interview Question Objectives:
What is the role of prototyping in various design environments? (1.x)
1. Identify the differences, objective and perceived, in the goals, benefits, and outcome of
the prototyping activities.
2. Identify the similarities, objective and perceived, in the goals, benefits, and outcome of
the prototyping activities.
How is the role of prototyping affected by the design methods and resources of the various
organizations involved? (2.x)
1. Identify how prototyping is implemented in the design process, i.e. is it as a matter of
course such as a design tool or applied haphazardly when the need arises?
2. Identify input used from other design tools or methods, if any, and also show what input
prototyping tends to generate for the use with other design tools or methods.
3. Determine if organizations perceive prototyping as an integral tool in the design process
or as a special case.
How do the interactions between organizations influence the process? (3.x)
1. How does the process change when other organizations are involved?
2. How do methods and available resources/expertise affect task distribution?
3. Do the various strengths overcome the inherent difficulty of coordination to result in a
more successful project?
How do these different methods and outlooks affect the determination of effectiveness of a
prototype? (4.x)
1. Determine if prototyping is used in a deterministic or an evaluative manner.
2. Discern how large, what type, of an effect this has on the overall design project.
3. Determine based on the way in which it is used and the size of the effect if there is a
correlation with effectiveness.
4. Evaluate if the prototype was actually useful in the manner in which in was utilized.
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First Iteration of Interview Questions:
1. What type of projects do you typically work on?
a. What is the general goal you work towards in any design project? (I, II) (1.x)
2. What related prototypes did you build?
a. How many people were working on it? (I, II) (2.x)
b. What was the timeline of the project and how was it spent? (I, II) (2.x)
c. What design methods were employed? (II) (2.x)
d. What information did you take away? (II, IV) (2.x, 4.x)
e. Relatively how much, resource wise, was invested? (II, IV) (2.x, 4.x)
f. What expertise was available to you relevant to the task at hand? (IV) (4.x)
g. How did this experience differ and how was it the same from other projects? (I,
II) (1.x, 2.x)
h. How successful was this project relatively speaking? (IV) (4.x)
3. How did collaboration with the other institutes change the process from your side? (III)
(3.x)
a. Which partner would you say has been most influential in the design process?
Why? (II, III) (2.x, 3.x, 4.x)
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time? (I, III) (1.x, 3.x)
c. Has the collaboration made this project more successful in any way? (IV) (4.x)
d. Has the collaboration made this project less successful in any way? (IV) (4.x)
e. Do you see any ways that improving the collaboration model would have helped
in this project? (i.e. would it have been helpful to limit the collaboration to only
the first stages? should tasks have been divided differently? Etc.) (III, IV) (3.x,
4.x)

Table A1.2: Research Question and Objective Overlap Matrix
I
5
1.x
4

II
8
2.x
7

III
4
3.x
5

IV
6
4.x
7

First Iteration Conclusions:
Questioning session is too long and questions are too vague. More direction is needed in
questioning (this is especially true in the second set of questions) in order to ensure greater
degree over responses. This will allow responses to be directly compared and quantitatively
evaluated. More focus needs to be given to collaboration.
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Second Iteration of Interview Questions:
1. In your own words, what type of projects do you typically work on?
a. What is the general goal you work towards in a given design project?
b. Do you normally collaborate on your design projects and with whom do you
collaborate?
c. What are you normal budget and resource constraints?
2. With regards to this project, which related prototypes did you build?
a. How many people were working on it and how long did it take?
b. What percentage of the task was devoted to concept, design, and
manufacturing?
c. What design methods were employed?
d. What information was gained from the prototyping?
e. Relatively how much, resource wise, was invested?
f. What expertise was available to you throughout the effort?
g. Internally, what was your collaboration method and how close was it?
h. How did this experience differ and how was it the same from other projects?
i. Thus far, how successful has this project been, relatively speaking?
3. How did collaboration with the other institutes change the process from your side?
a. Which partner would you say has been most influential in the design process?
Why?
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
c. Has the collaboration made this project more successful in any way?
d. Has the collaboration made this project less successful in any way?
e. Do you see any ways that improving the collaboration model would have helped
in this project? (i.e. would it have been helpful to limit the collaboration to only
the first stages? should tasks have been divided differently? Etc.)

Second Iteration Conclusions:
Questioning has diverged from prototyping and it needs to be brought back into the fold.
Additionally, more information is needed about the design methods employed and some
questions can be condensed or combined.
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Third Iteration of Interview Questions:
1. In your own words, what type of projects do you typically work on?
a. What is the general goal you work towards in a given design project?
b. Do you normally collaborate on your design projects and with whom do you
collaborate?
c. What are you normal budget and resource constraints with respect to
prototyping?
d. What role does prototyping play in your design method and what other design
tools and methods do you employ?
2. With regards to this project, which related prototypes did you build?
a. How many people were working on it and how long did it take?
b. What percentage of the task was devoted to concept, design, and
manufacturing?
c. What design methods were employed in this case?
d. What information was gained from the prototyping?
e. Relatively how much, resource wise, was invested?
f. What expertise was available to you throughout the effort?
g. Internally, what was your collaboration method and how close was it?
h. How did this prototyping experience differ and how was it the same from other
projects?
i. Thus far, how successful has this project been, relatively speaking, and how
much of that success can be defined in successful prototypes?
3. How did collaboration with the other institutes change the process from your side?
a. Which partner would you say has been most influential in the design process?
Why?
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
c. Has the collaboration made this project more successful in any way?
d. Has the collaboration made this project less successful in any way?
e. Do you see any ways that improving the collaboration model would have helped
in this project? (i.e. would it have been helpful to limit the collaboration to only
the first stages? should tasks have been divided differently? Etc.)

Table A1.3: Research Question and Objective Overlap Matrix
I
4
1.x
4

II
7
2.x
6

III
5
3.x
5

IV
4
4.x
5

Third Iteration Conclusions:
Questioning is still biased towards the effect of design methods on prototyping. More emphasis
needs to be placed on the role and the outcome. Collaboration is well covered.
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Fourth Iteration of Interview Questions:
1. In your own words, what type of projects do you typically work on?
a. What is the general goal you work towards in a given design project?
b. Do you normally collaborate on your design projects and with whom do you
collaborate?
c. What are you normal budget and resource constraints with respect to prototyping
and how does this affect the way you deploy prototyping practices?
d. What role does prototyping play in your design method and what other design
tools and methods do you employ?
2. With regards to this project, which related prototypes did you build?
a. How many people were working on it and how long did it take?
b. What percentage of the task was devoted to concept, design, and
manufacturing?
c. What design methods were employed in this case?
d. What information was gained from the prototyping?
e. Relatively how much, resource wise, was invested?
f. What expertise was available to you throughout the effort?
g. Internally, what was your collaboration method and how close was it?
h. How did this prototyping experience differ and how was it the same from other
projects?
i. Thus far, how successful has this project been, relatively speaking, and how
much of that success can be defined in successful prototypes?
3. How did collaboration with the other institutes change the process from your side?
a. Which partner would you say has been most influential in the design process?
Why?
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
c. Has the collaboration made this project more successful in any way?
d. Has the collaboration made this project less successful in any way?
e. Were the difficulties in coordinating the collaboration effort which inhibited it?
f. Do you see any ways that improving the collaboration model would have helped
in this project? (i.e. would it have been helpful to limit the collaboration to only
the first stages? should tasks have been divided differently? Etc.)

Table A1.4: Research Question and Objective Overlap Matrix
I
5
1.x
5

II
6
2.x
5

III
5
3.x
5

IV
5
4.x
6

Fourth Iteration Conclusions:
The questions at this point offer a balanced approach to the research questions and the question
objectives. However, a more detailed study of the objective coverage is needed to finally validate
the questions.
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Question Objective Coverage Study
Which interview questions cover which objective category?
Table A1.5: Interview Objective Coverage List
1.x
1
1.a
1.c
1.d
2.d

2.x
2.a
2.b
2.c
2.e
2.f
2.g

3.x
1.b
2.h
3
3.a
3.b

4.x
2.i
3.c
3.d
3.e
3.f

Within the 1.x objective there are 2 sub-objectives; do the 5 questions adequately address those?
No, all 5 questions in some way allow the differentiation of design goals, benefits, and outcome
(however only covering goals and outcome) and the multiple perspectives of the interview will
allow the differentiation of objective and perceived roles. The perceived benefits of this approach
need to be addressed in the questioning.

Within the 2.x objective there are 3 sub-objectives; do the 6 questions adequately address those?
No, while the 6 questions develop an understanding of how the design methods and resources of
an organization affect their approach to a problem, they do not effectively answer the subobjectives of how prototyping is applied and what it extracts from the design tools, nor whether
prototyping is perceived as integral. Luckily these are relatively simple questions, compared to
the primary objective question, to be answered and can be easily incorporated.

Within the 3.x objective there are 3 sub-objectives; do the 5 questions adequately address those?
Yes, while the 5 questions do not adequately address the sub-objectives they do a good job of
covering the primary objective. Supplemental information from 2.x questions should effectively
answer the remainder of the sub-objectives via cross-interview comparison.

Within the 4.x objective there are 4 sub-objectives; do the 5 questions adequately address those?
Yes, by and large the sub-objectives are addressed. However, the questions do not develop a
clear idea of how large an effect prototyping elicits. This may be a difficult question to answer,
and likely not answerable solely based on interview questions, but it does need to be included if
only for expert opinions.

Question Objective Coverage Study Conclusion
1. Modify a question to lead towards the perceived benefits of prototyping
2. Modify a questions to lead towards the how integral is prototyping, how it is applied, and
what it extracts and feeds into design tools
3. How large of an effect does prototyping elicit, compared to if it was not used at all?
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Fifth Iteration of Interview Questions:
4. In your own words, what type of projects do you typically work on?
g. What is the general goal you work towards in a given design project?
h. Do you normally collaborate on your design projects and with whom do you
collaborate?
i. What are you normal budget and resource constraints with respect to prototyping
and how does this affect the way you deploy prototyping practices?
j. What role does prototyping play in your design method and what other design
tools and methods do you employ?
i. What are the benefits of prototyping?
ii. How integral is prototyping to your design method?
iii. How do you use it in conjunction with your design tools? What does it
contribute and what does it use?
k. Have you ever used prototyping and wished you had not?
l. Have you ever not used prototyping and wished you had?
5. With regards to this project, which related prototypes did you build?
n. How many people were working on it and how long did it take?
o. What percentage of the task was devoted to concept, design, and
manufacturing?
p. What design methods were employed in this case?
q. What information was gained from the prototyping?
r. Relatively how much, resource wise, was invested?
s. What expertise was available to you throughout the effort?
t. Internally, what was your collaboration method and how close was it?
u. How did this prototyping experience differ and how was it the same from other
projects?
v. Thus far, how successful has this project been, relatively speaking, and how
much of that success can be defined in successful prototypes?
6. How did collaboration with the other institutes change the process from your side?
g. Which partner would you say has been most influential in the design process?
Why?
h. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
i. Has the collaboration made this project more successful in any way?
j. Has the collaboration made this project less successful in any way?
k. Were the difficulties in coordinating the collaboration effort which inhibited it?
l. Do you see any ways that improving the collaboration model would have helped
in this project? (i.e. would it have been helpful to limit the collaboration to only
the first stages?, should tasks have been divided differently? Etc.)

Fifth Iteration Conclusions:
Upon evaluation, this set of questions meets all objectives and sub-objectives while answering
the research questions in a balanced manner. There are multiple approaches to each research
question which allows cross evaluation of the responses. They will be tested in actual interviews,
refined, and tested for final triangulation principles as stated in the case study development in
Chapter 4.
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Final Iteration of Interview Questions:
1. In your own words, what type of projects do you typically work on?
a. What were your general design goals and imperatives in this given project?
What were your imperatives?
b. Do you normally collaborate on your design projects and with whom do you
collaborate?
c. What are you normal budget and resource constraints with respect to prototyping
and how does this affect the way you deploy prototyping practices?
d. What role does prototyping play in your design method and what other design
tools and methods do you employ?
i. What are the benefits of prototyping?
ii. How integral is prototyping to your design method?
iii. How do you use it in conjunction with your design tools? What does it
contribute to design methods and which does it use?
e. Have you ever used prototyping and wished you had not?
f. Have you ever not used prototyping and wished you had?
2. With regards to this project, which related prototypes did you build or were involved and
building?
a. How many people were working on it and how long did it take?
b. What percentage of the task was devoted to design?
c. What percentage of the task was devoted to manufacturing?
d. When did you start and when did you end with delivery?
e. What design tools were employed in this case? Were these used before or after
the build?
f. What information was gained from the prototyping?
g. Relatively how much, resource wise, was invested?
h. Was it more or less than past experience given the scope of the project?
i. How was it invested?
j. What expertise and analysis tools were available to you throughout the effort?
k. Internally, what was your collaboration method and how closely did you work?
l. How did this prototyping experience differ and how was it the same from other
projects?
m. Thus far, how successful has this project been, relatively speaking, and how
much of that success can be defined in successful prototypes?
3. How did collaboration with the other institutes change the process from your side?
a. Which partner would you say has been most influential in the design process?
Why?
b. What do you see your role as having been in the process, keeping in mind that it
has likely evolved over time?
c. Has the collaboration made this project more successful in any way?
d. Has the collaboration made this project less successful in any way?
e. What were the difficulties in coordinating the collaboration effort which inhibited
it?
f. Do you see any ways that improving the collaboration model would have helped
in this project?

228

Question Objective Coverage Study
Fifth iteration interview questions were tested on impartial interviewees and streamlined to meet
the needs of the study. These questions are presented as the sixth and final iteration of the
interview question creation process. They were tested for triangulation using the tool
demonstrated in Section 7.1.
Table A1.6: Interview Triangulation Check List
Interview
Propositions
Occurences
Role of Prototyping?
Effective Prototype Dependent on Factors
4
Role Effected by Design?
Factors can be Determined
3
Effect of Collaboration?
4
Influence on Effectiveness?
3
3 occurences needed for triangulation
Question

Interview
Occurences
6
3

The interviews are streamlined, cover the objectives and goals of the research, and triangulate
the primary focuses of the interview. They are thus finalized.
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Appendix B: PARAPHRASED INTERVIEW TRANSCRIPTS

Appendix B.1 Joshua Summers
th

David: My name is David Stowe, and it is 11:30am on the 9 of October 2008. This is the
interview of Dr. Joshua Summers. Please, describe in your own words what types of projects you
typically work on.
Josh: There are two different types of projects: one is geared towards undergraduate education
experiences which are senior design projects which are industry sponsored. They are typically
focused short term at 15 weeks and usually scale to a 1 man-month type of project. The other
type is research focused at the graduate level, where graduate students design and build for our
internal or external needs. This can include product development for customers or test devices.
David: How many students would typically work on an undergrad or a grad projects?
Josh: Undergrad: 3 to 4 teams of 4 to 6 students. Grad: Depending on size of the project, 2 to 5
students. We also bring students on and off as needed. For example, this could be for design
reviews or ideation where we temporarily need extra people.
David: With regard to the Lunar Tweel Development Project, what were your general design
goals?
Josh: We have 2 main components of the lunar wheel development project, one is to develop
lunar wheels, two is to develop the testing capabilities to support that development. The ultimate
goal is to provide to NASA, solutions which enable mobility on the moon, and possibly other
places, with low mass and contact pressures. We work with certain objectives and constraints
based upon the mission requirements. The ultimate outcome of the project is a series of
prototypes representing multiple levels of fidelity.
David: So the initial goal would have been to have a believable and functional idea which would
have a low contact pressure, as determined by the design specification?
Josh: That was the believable concept idea which was the outcome of the senior design projects
which led to the large scaled research project. At that point we believed we had a believable
solution or set of solutions. So the next step was to address the shortcomings which were mainly
resulting from the low-quality build of the undergrad student projects. They had limited resources
and had hit their targets, so we wanted to take them to the next level.
David: So the initial project allowed concepts to be generated and you elaborated upon those.
Next question, do you often collaborate, with whom, and how do you collaborate with them?
Josh: The undergraduate projects are collaborative, A: in terms of the undergraduates working
together, B: in terms that there is a faculty advisory committee that oversees the project, and C:
because they are working for a company to solve a problem. The company provides feedback
and input in terms of the requirements and some concept selection, raising issues and concerns
dealing with the different concepts. In terms of our research projects, we almost always
collaborate with other faculty inside the department, outside the department, and outside
Clemson. Most of our projects are industry sponsored projects, and the industry partners are
heavily invested in making sure we have high quality outcomes. They agree to weekly or biweekly
meetings and review the project; they are also participants rather than just donors.
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David: What are your normal budgetary and resource constraints with regards to prototyping and
how does it affect the way you deploy design practices?
Josh: The prototyping budgets are typically fixed per the project itself. For the undergrad projects
each team has a $500 budget. Sometimes it grows if the sponsors choose (upwards of $1500)
but that has to include multiple versions of the prototype. On our research projects we have done
projects where the whole of the budget was dedicated to the prototype or limited to a small
percentage. Always we’re working within the confines of the defined proposal budget so we have
to look ahead and guestimate how much prototyping will cost for these specific projects. In terms
of the Michelin Mud Project we were being pushed and pushed by Michelin to go beyond a
prototype system and develop a functional system that we would build, come up with a partial
solution, and discover it is not sufficient for their needs. We could only discover this after we had
built. A lot of the issues were related to vibration and mass sensitivity, so we had to reduce the
mass. In that project we went over budget by about $8000 in terms of prototyping.
David: Interjection, when you say you couldn’t know what you didn’t know until after you built it,
was that a miscommunication with the project supplier or was it lack of knowledge regarding the
prototype.
Josh: Yes and yes, the Michelin owner had one understanding of what they wanted done and
once we started doing that they determined it wasn’t what they needed, so there were some
shifting targets in the terms of objectives and then there were also some challenges, in this case
it was a centrifugal mud testing device. We wanted to test ounces or grams of mud being
released from a tread sample. The equipment we’d spec’ed out was theoretically sensitive
enough, but the apparatus itself was so massive and so flexible that we didn’t anticipate some of
the effects. Despite our static, dynamic, and vibratory analysis, it wasn’t adequate enough to
capture the true complexity of the system. Once we were running we started identifying that we
needed a larger bearing or guide blocks due to the behavior we were seeing. So there were lots
of behavioral aspects we couldn’t model. We didn’t even know about some of them until after we
built.
David: What role does prototyping play in your design method, you kind of just answered that in a
way, and what design tools do you generally deploy?
Josh: It varies project to project and team to team. In a highly time constrained project, like the
cryo-chamber, we accelerated the process defining requirements and concepts in a less formal
manner than we normally teach. Then we did a quick design review, not necessarily with a formal
FMEA, then built pieces and portions and tested them independent of each other. In that respect,
the prototype we were building was also the final solution. So the fiscal building was also the
design process in that case.
David: So in that case you went straight to building and tried to have some accountability as to
what was going on?
Josh: I would say there was a month to a month and half of design and a month and a half of
build.
David: Is it more cost effective to prototype this way, did you find it was cheaper in terms of the
product and labor?
Josh: The choices that we were making in terms of what we were making it out of, 80/20, we
chose it because it allowed us to be flexible and to not fixate on dimensions. It was much more
costly than buying material stock and welding it together, but it allowed us flexibility and re-
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configurability. We knew that the design was not going to be exactly what we had on paper. If we
were going to build it we needed to recognize it was better to spend more on expensive materials
and reuse/reconfigure them, than it was to go with a cheaper solution have to scrap everything.
David: Obviously you compromised because in this case you had a fixed short-term deadline you
had to meet, but in retrospect would you consider that a good approach to take. Considering, if
you know the important aspects of the design, is it better to build something now and fix mistakes
as they come along or is it better to frontload the design process and then have a complete
design you’re confident in?
Josh: In terms of the tire fixture system, we’ve been designing the tire fixture system in multiple
different modes and degrees of effort for around 7 months and we haven’t built anything except a
Lego prototype, which is a zero cost investment. The CAD models and stuff like that are also
primarily zero cost investments. In this case we want to get it as close as possible before we
build. I’m anticipating using regular bar stock rather than 80/20 because I want it to be as close to
reality the first time as possible.
David: Well, in the case of the wheel fixture design and the turntable in general it’s not a
prototype but a functional test device?
Josh: That enters a debate whether it is a prototype or final solution. I would make the argument
that it’s final after all changes are done, but if it’s tweaked then the configuration before the tweak
was a prototype.
David: How integral is prototyping to your overall design method?
Josh: From a teaching perspective it is extremely important because students learn about
mechanical systems by playing with those systems, so getting their hands dirty is extremely
important. Also, what you have on paper isn’t necessarily what you’re capable of building. Thirdly,
experimentation and testing, they are given a series of undergraduate labs where they are taught
to take measurements and such, how do you tie that back to the role it is supposed to take in
engineering? You can’t do experiments unless you have something physical to experiment on.
The challenge of building something and then having to validate that it works or has some level of
performance introduces an interesting level of understanding for the students. So from a
pedagogical perspective prototyping is great tool, it’s good for exposing students to issues of
design, manufacturing, and testing.
David: So, for a student it allows you to connect what you’ve learned in class and the real world.
As far as design and research?
Josh: As far as design and research, from a graduate student perspective, they are still students
and so we want them to learn. The projects are still educational experiences. A lot of our
graduate students need that reinforcement in terms of physical build also. In terms of delivery for
customers, when I am collaborating with industry they are much more confident in our ability to
deliver if we can provide them something physical or tangible early. If we stay too theoretical or
intangible the confidence goes down almost exponentially. So unless you can provide prototyped
systems quickly, you have lost the confidence of your partners and they will either try to take back
ownership and control it or give up on it. Then you don’t get the interaction you need.
David: So that’s what you think has happened with this NASA wheel project?
Josh: To a certain degree, there was a partial owner, Michelin, where they have taken back
control over certain aspects of the project and that was politically motivated by the company, so
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it’s not a terrible sign of our lack of performance but perhaps our lack of resources. Also we can’t
compete in terms of delivering high fidelity prototypes as quickly as industry due to their large
number of committed resources.
David: Have you ever used prototyping and wished you hadn’t?
Josh: I can’t think of anything myself, but that’s not to say that it hasn’t. There may be an example
in terms of software prototyping. Srinivas was developing a search and retrieval tool for geometric
shapes. We had to develop a prototype system and for that system we spent a lot of time
cleaning up and dumbing down our existing system, and we showed them we could handle their
needs within our system. However, eventually we ended up ditching that approach and using
another.
David: Was it still helpful in realizing that approach was flawed?
Josh: I’m not certain, a lot of the limitations we discovered we already knew.
David: Might have been a flawed method more than a specific shortcoming…
Josh: Yeah, it was not the correct approach.
David: Have you ever not used prototyping and wished you had?
Josh: Yes, many times. In doing projects for BMW: car seats, headlights, LEDs, integration. We
did a little bit of prototyping but most of that was small and experimental prototyping and I think
we really should have finished. It seems like we got to the concept stage and did some analysis
and thought we had a good idea, but we never finished it and thus could never truly validate. I
think if we’d pushed harder or sooner we could have had that. Also, on the trash-truck project we
virtually prototyped the bailing system ideas. In that case I think that there was a very expensive
cost of building the physical prototypes. They eventually built it, but it came two years after we
were done with the project. If we could have accelerated and coordinated a little better it would
have been very helpful to have that physical feedback.
David: So I’m assuming you didn’t prototype due to resource and time limitations?
Josh: Resources primarily.
David: The primary reason you wished you had would have been for that extra validation?
Josh: In this case it was validation because we were modeling plastic bottles and how to bail
them, and we had incorporated 4 new subsystem solution ideas: a draft angle, a mobile bailing
head, an offload system, and different types of walls. None of these 4 individually has ever been
tested. We’ve done analysis but have no physical proof of concept. However the cost of building
a unit is on the order of $10,000 so it’s not feasible given the scope of the project.
David: So virtual prototyping analysis gives some knowledge but you wish you’d been able to
validate and give plausibility to the industry of your concepts.
Josh: Yes.
David: With regards to this project, which prototypes did you build and which were you involved in
building?
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Josh: I didn’t build any. We had 1 generation lunar wheels built by the senior design students
that we oversaw. There were actually multiple generations within generation 1. The reason that
most chose physical prototyping and limited analysis was due to the complexity of the system.
Though there were some attempts at virtual prototyping: the bristle analytical models were
moderately useful and the cylindrical models were almost moderately useful. However, it proved
much more productive for the students to build physical prototypes, especially during this early
conceptual stage of design.
David: So the students weren’t capable of virtual modeling?
Josh: I’m not sure our graduate students are capable of that. A lot of the issues are involved with
connections and friction, and it is by no means a straightforward monolithic analysis.
David: With your experience is there anyone capable of doing this analysis?
Josh: The spring prototypes, yes. The monolithic bristle, yes, the assembled bristle could be
done, but it would be very computationally expensive. I don’t have confidence in people’s ability
to model the helical coil. There are a lot of assumptions and you’d need lots of empirical data.
David: So we have a complex assembled system where virtual prototyping is difficult. Going back
to the question of what prototypes you contributed, the ability to make high fidelity prototypes
became important after the initial phases and industry had more cash on hand to make that
happen.
Josh: The flipside, when it came to the cylindrical springs we did all of the virtual prototyping and
analytical modeling. That was a major challenge to correlate the analytical models with the
experimental data from the physical builds because the physical build details which were critical
to the modeling were not obvious: specifically the liaison flexibility and how the cylinders were
connected. That little bit of play and tolerance gap in the liaisons and the strength of those
connections were very important for accurate modeling. Additionally, material properties were not
well known or properly given. There was some communications failure but most of it was that we
did not really know about all the interactions; we thought we knew the implications, but when we
compared the virtual models to the experimental they didn’t perform the same. This exposed
issues not evident in either the physical or virtual prototypes individually, so the two together were
greater than the whole.
David: How many people were working on this project at various times?
Josh: 25 students in the senior design. The research project had 3 students working (me, Kyle,
Manoj), which then grew to 4 undergrads and 3 grads, then over the summer 3 grads and 7
undergrads, and now 4 grads and 5 undergrads. There have also been 3 faculty members along
the way, myself, Dr. Joseph, and Dr. Blouin.
David: During that time, what was the most productive phase of the project?
Josh: That depends because we’ve now refocused the project. We’re looking at the tread
solutions and traction systems and how to measure and test it. I’d say we’re making a lot more
progress now than what it appeared we were making early on. We now have more people and we
have a better idea of what needs to be done. The project is evolved and we’ve had to adjust.
Those times of adjustment sometimes slowed us down.
David: So what percentage of your task has been given to design and prototyping?
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Josh: Cryogenic-chamber: 50/50, Bristle Tweel Build: 5/95, Hub: 10/90, 2
Annulus: 15/85, Mini-go-round: 70/30

nd

Gen Helical: 15/85,

D; It tends to be top-loaded toward the physical build?
Josh: Yes.
David: What specific design tools are generally employed?
Josh: We generally do a system decomposition on almost every system, some sort of
morphological analysis, we have used FMEA on many projects, we use solid modeling tools and
FEA tools, and we have also used decision matrices and stuff like that, but that’s mostly used,
rightly or wrongly, to explain decisions that we have made to our sponsors and to document
them. We’re not really using them to make decisions but rather to support them and for reporting.
We tend to do lots of formal documentation.
David: So your foremost goal is to convey the information you create to the supplier?
Josh: And to pass on project information to new groups and students.
David: What information would you say has been gained from prototyping in this project that you
couldn’t obtain any other way?
Josh: The significance of the liaisons and the connections on the Tweel. The challenge and the
need for truly vertical loading and a large diameter on the merry- go- round. The mini-go-round
got wear on the inner side more so than the outside.
David: Was that something you suspected before hand?
Josh: It was something I thought but no one believed me, no one thought it would be that
important. Also, Assembly methods, vibrations and loads on the mini-go-round were not
supportable by the original frame structure. Even on the small one we had to go back in and
rebuild with a metal frame. That tells us with the full merry-go-round we should be cautious about
vibration in the final design. Also, building the annulus to test the treads we’ve actually learned a
lot about the sand. I think we now know more about the sand performance than we do about the
treads.
David: Relatively how much resource wise has been expended during the course of this project?
In terms of money, time, people in the project to date.
Josh: Probably all told about $300 to $350 thousand dollars by Clemson coming from JPL, NASA,
and Michelin over the course of 2.5 years. That’s the amount of budget that includes the 47%
overhead.
David: That’s more for relative comparison between organizations. Given the scope of this project
was that more or less than past experience?
Josh: This project was significantly bigger. All the other projects before were maybe 12 months
and along the order of $100k projects.
David: What expertise and analysis were available to you throughout the effort?
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Josh: I have undergrad and grad expertise whatever that includes, and we have ABAQUS,
SOLIDWORKS, ANSYS, ProE, UNIGRAPHICS.
David: I guess what I’m looking for in this case is more the expertise of the people working on the
project like Dr. Joseph with Tribiology.
Josh: We have available Dr. Joseph, wear contact and mechanics, Dr. Blouin has analysis (FEA)
and optimization expertise, Chris Cole in textiles so we’ve been able to use that.
David: How significant has her contribution been?
Josh: Not much. We have resources on campus which we can exploit.
David: So within the university we have lots of expertise?
Josh: We have domain expertise and it’s sometimes difficult to find the right people or even the
equipment which might exist. We’ve used material sciences glass crusher, sivs from civil
engineering, the tensile testing machines for tread fatigue wear.
David: So while we might not have access to expensive or highly specialized equipment we do
have access to a large amount of equipment here?
Josh: If we can find it.
David: If you had to describe briefly just the prototyping variability between this project and others
in the past what would be your initial thought, how is this project different from your other
projects? What is the primary distinction?
Josh: We prototyped a lot faster with the senior design project more so than any of the others
because we knew at the beginning that it was more difficult to analyze.
David: So it didn’t occur to you that analysis would be as important?
Josh: We knew that analysis would eventually be important but we knew to whom we were giving
the problem. So that takes us back to the difference between this project and all the other
projects is that this started as a senior design project.
David: Why did it start that way?
Josh: High risk and reward, we wanted a lot of ideas and it only cost Michelin $10K, which is a
very cost effective way of doing a project.
David: So far, how successful has the project been relatively speaking and how much of that
success can be attributed to prototyping efforts?
Josh: I think it was initially extremely successful in terms of the undergraduates. We had patents
generated and based on the physical build and test we were able to do on the prototypes. We
were able to follow that up with funding, proposals, and secured the $1.6 million of funding to
support the continuation. Without the prototypes I don’t think that could ever have happened.
David: You say initially successful, that implies it is not as successful now?
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Josh: It’s difficult to gauge because now we’re getting into a stage where there seems to be fewer
quick and cheap gains in the project, so we have to put in a lot more effort to get the
improvements that we need. Diminishing returns are affecting us. We’ve moved from the
conceptual stage to the embodiment stage where it requires a lot more effort and we don’t
necessarily have all the resources internally.
David: So you wouldn’t consider any other factors affecting what you’re capable of doing like time
committed or students committed?
Josh: We’ve committed a lot of students to the project. There are more resources allocated than
are actually paid for by the project. We are committed to making sure this is a success.
David: As far as the way the project is structured. In the past there were 5 groups of 5 students
working towards a common goal whereas now you have smaller groups working on individual
problems. Does that affect the project in any way?
Josh: One of the problems of the project in terms of management is working with industry, JPL,
we sometimes have new constraints that are thrown in at the last minute. New things that need to
be discovered, or built, or tested which don’t have as much real value but have more political
value. Sometimes those issues are poorly communicated and when we deliver we find that they
assumed we wouldn’t and went ahead and did their own thing anyway. I think that has a lot to do
with culture and the general attitude of culture versus culture.
David: I’m trying to gear this more towards internal groups. Like here we’re so segmented in what
we’re doing. We’re not necessarily making as much progress in these fragmented groups and we
can’t communicate as well. Is this hurting us?
Josh: I wouldn’t say it is hurting us, because this is how I would manage a team of 5. We don’t
have the redundancy that we had initially, but that did allow us to explore a lot simultaneously.
We’re also at the point that I’m not sure that redundancy is necessary. Everything still goes back
to this being a teaching opportunity for students. In some cases I allowed students to fail before
bringing them back in. Case in point, for the creative inquiry this fall I was much more hands off
than before and because of that issues were constantly revisited, decisions were not adhered to.
You tend to need a catalyzing figure within an organization to bring it together so that decisions
can be made together and groups don’t segment.
David: So how did collaboration with other institutes change the process from your side?
Josh: Yeah, we almost always work collaboratively. BMW projects aren’t quite so collaborative,
but there was still collaboration.
David: Which partner has been most influential in the design process?
Josh: JPL provided the specification, Michelin has provided a material solution and a high fidelity
solution, but to be perfectly honest without the Clemson concepts we would be nowhere. In the
initial genesis Clemson was critical, in terms of the analytical support. Everyone served a role and
every role was critical, without them all we would not be here today, even including Milliken.
David: Which partner is at this moment most influential, as in controlling design direction and
where this project is heading? Who is providing the impetus?
Josh: JPL is still providing the design direction. There are two major aspects. There is the testing
aspect and there is the physical solution aspect. There is the main Tweel primarily done by
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Michelin and there’s the tread primarily done by Clemson but Michelin tends to ignore and bypass
our suggestions, so Michelin is the primary owner of the solution. As far as testing support it is
almost entirely Clemson.
David: Throughout this project, beginning to end, what were the difficulties in coordinating the
collaboration effort and what was inhibiting it?
Josh: In terms of the collaboration, part of the hindrance of collaboration was distribution. The
participating organizations were in different locations and were in two different time zones, east
and west coast primarily. There was a person from Michelin that came every other week or so to
the senior design meetings, but sometimes there was also a disconnection in terms of the
teaching opportunity versus the solution issue. We had to periodically reign Michelin back in so
that there was not too much push in a specific direction. Other issues that came up were bringing
Milliken in halfway through the project. This was fine, but the role of Milliken wasn’t entirely clear,
and still isn’t entirely clear. Milliken has provided samples mostly, but they have also contributed
mechanically in conference calls. The contribution expected isn’t clear, but they are contributing.
Also, you’re never exactly sure what the different partners need, what resources they have, what
their expectations are even though those expectations and resources have been communicated
or miscommunicated numerous times. The reason I think we’ve been so successful is that
starting with the initial visit, I spent 3 weeks at JPL and established a relationship and we had a
pre-existing relationship with Michelin. Being able to draw upon those relationships and people
directly was critical.
David: Was Clemson the intermediary between the two?
Josh: Michelin and JPL drew the project together. Clemson was brought in as a secondary by
Michelin because they did not want to invest the resources needed to do it internally. However, I
think theoretically we can speak the language of both better than they can and so we are useful
as an intermediary. Michelin is a corporate entity while JPL is a research entity and while we are
a research entity we collaborate extensively with industry.
David: Do you see ways you would improve the collaboration as it happened?
Josh: One thing I would like to see happen more often is an in person meeting of all parties. It
doesn’t really matter where, but to have an at least once a year, once a month get together. I’d
like to see more communication between Clemson and the Swiss. We’ve shifted the time of our
conference calls and they’ve been on the line once. There are some bright people working in
Switzerland, but they need to be willing to share what is going on.
David: Obviously everyone would want better communication. What is the main barrier to
communication that prevents it from happening?
Josh: I really think it’s a cultural thing, both in terms of corporate culture and European/American
culture. Those are the two main things. We’re using Bart as an intermediary so we’re losing
things in translation twice. Also, while there is not an unwillingness to collaborate, there is an
unwillingness to share core information that Michelin believes should be guarded internally, even
if it would be useful information to us or JPL. This can include their breakthroughs or even their
capabilities.
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Appendix B.2 Jaret Matthews
David: Could you describe in your own words what types of projects you generally work on?
Jaret: I generally work on hardware focused robotics projects, ones that are heavy in mechanical
and electrical design but generally they also involved a software component. However, I don’t
often contribute very much to the software side of it. Most of the projects involve robotic mobility
of some kind.
David: So ATHLETE is one of those, could you describe any others explicitly?
Jaret: Sure, at the moment I’m working on the next Mars rover, the Mars Science Laboratory
(MSL) which will launch in 2009. I’ve worked on just about every way you can move across a
surface, above it, or under it. I’ve worked on probes that can melt through ice, underwater robots,
balloons that have flown in the upper atmosphere, robots that have crawled in zero gravity.
David: What are your design goals? What do the projects tend to focus on, just developing a
platform or is there anything more explicit?
Jaret: Well I generally work on research types of projects. There are flight projects and research
projects here at JPL. The goal is for the research side of the house to spearhead the concepts.
To develop proof-of-concept systems, test them, and try to advance our technology readiness
level (TRL) up to a point where they can be integrated into the flight systems. There the goal is to
retire as much risk as possible before you make the decision to fly into space. The flight
community is quite risk adverse because they spend a lot of money. Two ways to retire that risk
are to conduct a lot of research or to fly things that have been flown before.
David: Do you normally collaborate on design projects outside of JPL or is it normally internal?
Jaret: It’s mostly internal but we do have a history of collaborating with universities. They tend to
be less expensive; so you save money and the schools get a chance to give their students real
experience. The trade off is that you have to deal with the university schedule where students
come and go and have other responsibilities. We tend to not do a lot of collaboration with
industry, but certainly with flight projects we get intimately involved with our vendors. For
example, with MSL there are a dozen or so people who have moved to New York to oversee a
vendor who is building motors. That’s just the kind of thing that you have to do when flying things.
The requirements for flight systems are so stringent that we, especially with vendors who don’t
have experience with the flight community, have to get involved to make sure every process is
documented. For every atom of metal that is flown we can trace it back to the foundry. We have
material verifications for each hunk of metal the part was cut from. There are not too many
vendors who are accustomed to having that high of level of quality control. The research side of
the house is not quite as stringent. We can afford to screw up and we often do, but we spend a
whole lot less money.
David: So the relationship with Michelin is similar to vendor relations because you are oversight
and you provide specification data. Could you explain that a little more?
Jaret: Sure, specifically in the case of the Tweel, it is a relationship that has evolved. I saw a
press release about the terrestrial Tweel which was debuted at the Detroit auto show in 2005,
and recognized that it was something that could be useful for us. At the time we were building a
prototype mobility system, ATHLETE, as we often do. Since it wasn’t flying in space we were free
to use materials that weren’t necessarily right for space, but we wanted to at least choose
technology where you could see the analogous system that could fly in space. For example, we
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wouldn’t use flight motors, but we would go to the same vendors that supply them and use their
off- the- shelf motors. Just so we’re lending credence to the idea of the system by not cheating as
much as we could. The Tweel was an example of that because you obviously wouldn’t fly
pneumatic tires to the moon. The Tweel is a non-pneumatic solution, albeit not a perfect one for
flying into space, but you can see how perhaps something like a Tweel could eventually fly. So
we bought terrestrial Tweels and outfitted them onto the ATHLETE and I initiated the
conversation with where we could take it and adapt it for eventual deployment in space. I think
early on we probably had more of an intimate collaboration than we do now and that is because
the current composite Tweel was born out of Michelin’s Swiss RD firm and they want to tightly
control the intellectual property. Early on in our collaboration, when we were developing our
titanium Tweel, that was using a fabrication method we were familiar with and was within our
capabilities. However, now with the composite Tweel they have capabilities that we do not and so
we are much more reliant on them and thus much less intimately involved on the design end.
However, we are certainly involved on the testing end and feeding back that information to them
to be incorporated into the design. So we are still helping with the design but they definitely have
a unique capability.
David: What are your normal budgetary and resource constraints? What do you normally have to
work with regarding prototyping and product development?
Jaret: Well I’ve learned from the school of hard knocks to always ask for more. The average JPL
labor rate that we assume, if you want one person to work on something for a year, that’s going to
cost with overhead and everything about $250k a year. So, you look at a project and you try to
estimate exactly how many work years are involved, how many people working full time does this
take and you multiply that by $250k. I tend to work, or I’ve learned to work on projects no less
than that if they involve hardware. You can produce a white paper or a study for less than that,
but for the level of complexity for some of the systems we develop we really hesitate to build
anything for less than one person per year worth of money. To give you the kind of scale of things
that we can produce, the titanium Tweel was about half of that one-person funding level, which is
why I had to rely on you and Robert extensively. You guys cost me little or nothing and we could
devote the rest of the money to metal or procurements. If I were working on a project myself that
is the minimum amount I would shoot for. Now on the other end of the spectrum, we’re talking
about research projects here, ATHLETE is roughly a $3 million dollar per year budget, but flight
projects are many orders of magnitude bigger than that.
David: How about just the wheels on the ATHLETE? How much does JPL put into that?
Jaret: Well, the first time around when I just bought them off the shelf from Michelin we paid about
$850 per Tweel and got around 42 of them. This year we won a proposal to develop and further
the composite Tweel and we paid out around $250k total. That went to Clemson for the cryogenic
chamber and some of it went to Michelin for composite Tweels. For the MSL, for example, a
flight-system, when it’s all said and done it’s going to be a 1 to 1.5 billion dollar mission. For the
most part, they are similar in weight, have roughly the same number of actuators, they have
similar attributes and capabilities. And the difference, from millions to billions of dollars, is in that
quality control and launch and things like that. However, for every kilo that gets launched there is
maybe 100 kilos worth of paperwork. That’s where a lot of the money goes.
David: Next question then, what role does prototyping play in your design method and what
design tools and methods do you normally deploy?
Jaret: Well, certainly in my position it plays a huge role. I start nearly every problem off with a look
at mcmaster carr to see if a solution exists off the shelf. That’s a function of the type of work we
do, I say this quite cynically, to reduce the need of high level managers to use their imaginations.
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Because, you know, we try to produce as high fidelity prototype as we can for a given amount of
money so that we can advance the technology and demonstrate to people that some of these
ideas are worth pursuing, and that always involves a prototype of some kind and usually multiple
prototypes until we get to the final system. The final system is itself also a prototype given the
nature of our work. However, I’m probably further on the side of the spectrum of build- it- and- tryit than a lot of my colleagues. From my perspective, you have to eventually build it and try it
anyway, and I tend try to do that earlier in the process than most.
David: Also, if you have hardware available then it’s a more convincing argument than if you just
have analysis.
Jaret: Yeah, and you can spend an infinite amount of time doing analysis but you eventually have
to build it and try it out. I try to find the right, optimum point at which the return on investment for
the analysis starts to diminish. There’s a knee in the curve there where doing some analysis will
tell you whether or not it's going to break immediately, but where it would take 100 times that
amount of analysis to tell you when it's going to break or why. I usually go to the first or second
order of analysis to prove it's not going to fall apart immediately, then I build it, learn something,
and then hopefully have the time and resources to correct problems if they come up. That’s the
other difference, the flight projects do the analysis to the hundredth order and leave no questions
left unanswered. I often just stop at the static analysis and give it a try, but they do analysis to
determine whether or not its going to shake apart in launch or whether or not, if there’s a
pyrotechnic device in the vicinity of it, whether or not that is going to induce loads that they can’t
handle and etc. The reason they do it is to retire risk, but also to cut out mass so no kilos are
wasted. I also look at cost factors which aren’t an issue on a flight system, if I can make a part out
of a stock thickness of metal I’ll do that rather than shaving off a few thou here or there.
David: Quick question, when you’re creating these ideas for your prototypes and systems, what is
your normal method of creating ideas or solutions.
Jaret: I guess that depends on the problem, but I look for analogous problems. First you have to
certainly define and understand the problem, and try to keep a handle on exactly what you’re
trying to solve. Then I think about analogous problems and rough out a configuration answer
before I get into the details like sizing a motor or picking a gear. So it usually starts with a rough
sketch, literally on a napkin, which then evolves into CAD models eventually. You tend to have to
find a solution has passed the last test first before you go off and really engineer it. You can
usually look at it and see a volume where you can tell if there’s a motor on the market which will
fit in the volume and thus suit your application. I generally try to package the problem first and
come up with a configuration that is sensible and efficient. I try to design in as few dimensions as
can accomplish the task. So if you can do something with a 1DoF mechanism that is generally
preferable to something that requires 2 DoF. You can also play tricks like using time as another
dimension, like using an actuator in one direction to achieve some task and then using it in
another direction to accomplish a different task.
David: What do you perceive as the benefits of prototyping?
Jaret: Well I think as long as you don’t prototype too early it can save you time in the long run.
You generally know if you don’t do enough analysis to prove to yourself that a prototype is ready.
You don’t want to answer all of your questions with a prototype because inevitably you’ll have to
build multiple prototypes to answer your questions.
David: Have you ever done that, prototyped and wished you hadn’t?
Jaret: Yeah, I think there are a few times I’ve pulled the trigger too early but I’m also coming to
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realize as well that as a problem reaches a certain complexity there’s no such thing as the shelf
any more. What I mean is that there are diminishing returns to pulling stuff off the shelf.
Sometimes you spend so much time trying to adapt something off the shelf to your particular
problem that you would have been better off in time and resources to have gone with a more
customized solution from the beginning. I guess I should distinguish as well between component
and system level prototyping. I think quite often the return on investment for component level
testing is much greater than the system level prototyping. Thinking back to the Tweel, we played
around with a lot of different wire rope configurations, spacing and adhering methods, playing
around with different ways to clamp it down, and all of that was done at the 2D level where the
Tweel is a 3D structure. That was what we needed to do and produced a decent amount of
information without a lot of effort.
David: But the ATHLETE itself is a system level prototype and it was useful in that it gave you
hardware to demonstrate and kept the project alive.
Jaret: That’s prototyping for the benefit of others rather than itself, so I think component
prototyping is of benefit mainly to a designer to flush out concepts, but the ATHLETE as a system
level prototype is almost mostly for the benefit of proving to others that a concept like that is
viable and a good thing to do. There’s also another, I don’t know how one captures this, but there
are also serendipitous effects to having a system level prototypes that are far less likely to arise
out of a CAD model. One example, ATHLETE was always just a mobility system in the proposal,
we always envisioned driving and walking, but when we built we saw the potential of the limbs as
manipulators as well and basically made a new use out of them that we had not originally
realized. I don’t think we ever would have realized until we built it. Other things for example,
ATHLETE has a generic docking feature which we originally had a specific purpose for, to dock
with other ATHLETES. However, later, because it was a generic attachment, we were able to find
other novel things that used that interface like our repelling winch, our tool holster, and our fuel
cell refueling system. So there’s a lesson taken away from that, when possible you should design
generic interfaces to allow your system to provide for these serendipitous ideas after the
prototype has come to fruition.
David: The opposite of that question, have you ever not prototyped and wished you had?
Jaret: There are a lot of things that I wished I had scrapped entirely. I’ve wasted a lot of time
trying to make a bad system good before. In particular I’m thinking of this hydro-thermal vent
robot we had. We had a lot of leaks which I think came from a fundamentally bad design.
However, I spend at least as much time and energy trying to fix what was fundamentally a bad
system. Whereas, if I had made the decision to scrap it and move on, taking my lessons learned
to heart, I would have been better off. But no I can’t think of any real examples. Maybe with the
Tweel there were one or two system prototypes where I didn’t learn as much as I’d hoped I
would, but the effort was never a complete waste.
David: Moving on, with regards to the ATHLETE, you were involved with pretty much with every
part of the mechanical design?
Jaret: Yes, on one level or another.
David: And about how many people were working on the ATHLETE, how long did that take?
Jaret: The original development was 9 months, it involved the equivalent of 8 or 9 people, there
were originally 3 mechanical engineers including myself, 3 software engineers and 3 electrical
engineers.
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David: Since then, how many people have been working, year to year, in the continued ATHLETE
development?
Jaret: We have about the same level of full time equivalent as the original development, there are
actually more people but none of us are working full time on it. There are a dozen or so people
involved. Our current level of funding allows for around 7 full time people.
David: So what you’re doing now is testing as opposed to more design and system integration?
Jaret: Well, we are now in the midst of designing the second generation. We think we have
squeezed every drop of knowledge out of the current prototypes and we are now moving onto a
new system. We grossly underestimated the mass originally and as time goes on more people
want to put more things on top of it and we are finding the limbs to be underpowered but we are
doing things we never thought of in the beginning.
David: Originally building the ATHLETE what percentage of that task was system design, and
how much was integration and manufacturing?
Jaret: I’d say it was roughly divided into thirds. We spent about 3 months design, probably 2-3
months manufacturing, and 3 months putting it together and getting it running. That was probably
on the short end, definitely on the short end, we were up against a hard deadline we wanted to
make. Certainly, had that deadline not been there we would have spent more time on the design.
We neglected things that we shouldn’t have and we over-designed in a lot of places just because
we would look at the analysis and say, oh that would work. And it might work and it might take ten
times the loads it would need rather than having a design philosophy that we adhered too, say
saying we only need 2 times factor of safety. So this second iteration of the design, before we
ever started, the first thing we did was write out, explicitly, our design philosophy. For example,
1.4 to yield, 2.0 to ultimate, and no more so we set up a wall thickness to get it down to 2.0 so
that we could save mass. We agreed on things like thread in bolts to 4 times there diameter and
no more or less. We would hold things in friction with the bolts rather than with the shear strength
of the bolt or whatever. So we sat down and explicitly agreed on our design philosophy so that we
could keep it in mind and that is something we didn’t do with the original generation.
David: So how much did the originally ATHLETES cost total for all 3?
Jaret: $3-3.5 Million total including labor.
David: How were your resources invested percentage wise into the ATHLETE?
Jaret: About 2/3 labor and 1/3 manufactured parts and procurements.
David: As far as labor goes, your group put that together with the exception of the machined
parts?
Jaret: Yeah, we put it together but in some cases we had technicians helping as well?
David: What expertise and analysis tools were available to you throughout that effort in addition to
the mechanical, software, and electrical engineers?
Jaret: We designed in SolidWorks and did analysis in COSMOS, that’s about it. Early on we did
an ATOMS dynamics simulation to show that we wouldn’t rip a limb off if we hit a curb or
something. However, that’s about it, as a research project we’re light on the analysis compared to
a lot of other projects, especially flight.
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David: So is ATHLETE similar to other research projects you’ve worked on at JPL?
Jaret: Yeah, more or less, it’s one of the bigger ones in terms of my exposure to every aspect of
the projects. I’ve worked on bigger projects, flight projects, with hundreds of people, but you’re
very compartmentalized where you work on your little widget and you don’t have much insight
into the rest of it. With ATHLETE it’s a neat project in that it’s a big complex system but it’s
manageable by a small number of people and we all pretty much know everything about it.
David: In your own words, how successful has the ATHLETE been and then as a sub-question
how successful has the Tweel been?
Jaret: I think the best measure of the ATHLETE’s success is in the fact that it is part of and has
driven a lot of the lunar architecture missions, the real ones. There’s a multi-year architecture
study dating back to 2005 involving all NASA centers and hundreds of people, and there goal was
to determine what the surface system assets looked like and what the campaigns looked like and
what was required for a lunar mission. They started out with 700 concepts and now, after many
cuts, the remaining concept is ATHLETE based and that came out of our principle investigators
ability to sell the concept, but it is fundamentally a good idea and one that doesn’t leave any holes
in the architecture. Also, we constantly track the thinking of the architecture and as soon as a
criticism arises we try to beat it down immediately with proof that it is unfounded. If someone
says, “you can’t lift a habitat”, we’ll film a video of doing it immediately and send it out. If pictures
convey a thousand words then videos say millions of words. We stamp out those fires quite
quickly. If our success is measured by the fact that we are the architecture, then the key to that
success is being very active to people’s needs and concerns and trying to put those to bed as
quickly as possible.
David: So you’d say your success derives from your ability to demonstrate with hardware that
you are capable of doing the things that people say you are not capable of doing.
Jaret: Correct, yeah, and that is very much due to the fact that it’s flexible and we are flexible and
that we have the ability to be reactive and proactive. We can do things that people haven’t
thought of yet and get them out there on video. For the amount of money spent and people
involved, there has been very little published material involved. Most of our product is in the form
of video. Yet, we still manage to embed ourselves deeply into the architecture. That is reacting to
peoples desires and anticipating them and coming up with new things that people haven’t thought
of. Rather than just showing a Powerpoint presentation of how we might do it, we produce a video
where we’ve already done it. With respect to the Tweel, I think it’s been very successful. I just
finished a conference paper the other day and one thing I calculated for that paper was the load
carrying multiplier of it as compared to the Apollo LRV wheel. It’s already 3 times better so we
can carry 3 times more weight on the moon for the equivalent weight in wheel than the LRV
wheel. They had billions of dollars, not all spent on the wheel, but a lot of years and money
behind them. Especially, for the amount of money the Tweel has been a remarkable
collaboration. It’s not only been remarkable in that we have one great solution, but we have the
remnants of other good solutions we’ve chosen not to pursue. I don’t know of too many other
projects like it where the contribution of industry, university, and government were all so
substantial. It’s usually lopsided one way or the other, but in this project I think everyone has
made meaningful contributions.
David: Now, in line with that, which institution at various points throughout the project has been
most influential and in what way?
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Jaret: OK, definitely early on JPL was the driving force because we were the ones with the need.
We identified the Tweel as the answer to our prayers.
David: You guys saw that it fit your feasibility sanity check?
Jaret: Right, we recognized it as having potential to be adapted to space. So JPL developed the
hypothesis and then developed the first notion of how you could pull of the structure with the
helical isolator Tweel. Then the early prototyping that Clemson did through the senior design
class was extremely useful and we wouldn’t be here today without it. That allowed enough proofof- concept to be demonstrated to allow us to get obtain further funding to make a serious go at it
using those prototypes as a basis. The Clemson involvement allowed physical prototypes to be
built and tested at an increased rate and get initial learning curve out of the way, effectively
preventing NASA managers from using their imaginations. That allowed us to obtain the money to
develop more refined prototypes like the titanium helical Tweel and ultimately the composite
Tweels. So Clemson helped get the seed funding to help make more refined prototypes, which
put some serious momentum behind it, and ultimately I believe that’s when Michelin became
most useful because they have the real expertise in wheel development. It’s basically, JPL had
the need and early concepts, Clemson did the early prototyping and retired the initial risk which
made Michelin and NASA more comfortable and laid the ground work. From that point everyone
began to recognize the benefits of a collaboration taking advantage of each institution’s strengths.
David: So, keeping those institutions in mind, what has JPL’s role been aside from providing the
initial impetus, the initial concepts, it’s also been providing specifications and the general, which
goal we’re working towards, what do you see that role as having been?
Jaret: Well certainly we provided the specifications and we brought our experience with flight to
the table: what the flight culture will expect and what they won’t expect, we provided insight on
materials, and certainly in the near future we will be undertaking a lot of the real world testing on
our robotic platforms. Not just ATHLETE, but SCARAB and CHARIOT eventually will be
conducting testing with the Tweels. Hopefully, if we continue to get more funding, we have unique
testing facilities which Michelin has no desire to replicate, cryogenic and vacuum chambers, and
those will come into play as the design continues to progress. The way it has progressed thus far,
Michelin had a solution that only they could build using capabilities we’re not interested in
replicating. Therefore we have taken a back seat on the design end, especially with the
composite Tweel, because we have recognized they have a superior capability. So long as they
stay interested, we’re happy to sit back and let them do their thing.
David: So that collaboration has been beneficial to all the 3 parties?
Jaret: Absolutely, it’s a neat project for all involved.
David: And that collaboration is shaped how the project has been handled? We give
responsibilities to the institutes that are most well equipped to handle those responsibilities. And
like you said there, are certain things we don’t care to replicate and it gives us that flexibility to
switch off and pass the ball.
Jaret: And I think what’s happened is, for example, with the merry-go-round, that is a capability no
one was particularly interested in developing and it’s much more efficient to have Clemson
develop it. So long as it didn’t exist already it made sense to have Clemson design and build it at
low cost.
David: So as long as you can find something for everyone to do, you can keep everyone
interested and on the same page?
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Jaret: Yes, for example, obviously you want to use existing resources as much as possible and
since no one knew anything about the tread it makes sense for you guys to tackle that along with
Milliken.
David: So, we’ve been talking about this collaboration, in your mind what are some things that
have inhibited that and how would you change the way you collaborated if you could?
Jaret: A lot of them are on the government contractual end. JPL makes it hard to do business with
other people. There’s a lot of paper work involved to get that up and running. Particularly,
Michelin is inhibiting a bit, especially when working with the Swiss guys, with regards to how
much information we can share with them. The question is what would I do differently?
David: Yes.
Jaret: Well, overall I think it’s all worked out pretty well. We’ve had to adjust some expectations
about exactly the pace that we can maintain. For example, I realize that for student labor those
students are taking classes and that this is not their fulltime job. I guess, if I had the resources I
would prefer to hire all the students and focus on getting something built here and sending them
to get classes later. We’re pulled in a lot of different directions here as well. There’s not too much
I would do differently, it’s all going pretty well.
David: So your primary gripes would be the intellectual property control at Michelin and the
stringent controls over how you can deal with other companies at JPL?
Jaret: Yeah, and we’ve found a happy medium I think. Michelin is very sensitive about IP and
very controlling of it, but that’s understandable and more power to them.
David: You just have to get used to those cultural differences?
Jaret: Yeah, they have a culture of patenting all ideas regardless of the market share. I don’t think
there will ever be a big market for lunar tires. But maybe they recognize that some of these
innovations could make their way into automotive tires and they want the rights to it.
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Appendix B.3 Bart Thompson
David: So Bart, in your own words what types of projects do you typically work on?
Bart: I usually work on concept projects for pneumatic or non-pneumatic tires.
David: Regarding level of detail and intent, are those generally development projects or
production level projects?
Bart: They’re conceptual, not production. They represent the type of technology we might see on
the road in 3 to 7 years.
David: Regarding this lunar Tweel development project, what were your design goals and
imperatives?
Bart: Are you talking about when we started with ME402 class?
David: Well the project has evolved over time. I’m more interested in the progression of your
goals throughout the project.
Bart: When we first started with the ME402 project, the goal was to see if we could have any sort
of proof of concept developed which used Tweel fundamental mechanics. It had to make use of
materials which would be suited for the moon like textiles or metallic components. To those ends,
all visco-elastic materials which are common in terrestrial wheels were repressed. So the goal
was to use a structure that worked like a Tweel yet didn’t use rubber as a shear band material
and that we could load on flat ground in order to perform a quasi-static rolling test. We hoped we
could travel at least several kilometers during the rolling tests. If we could accomplish those
things with a proof of concept, then we would consider it successful. The second design loop
focused on taking the fruits of that effort then refining them and improving the performance of the
artifact. You validated the performance and attempted to reduce the mass to make it a more
attractive option for a flight mission. Then the next design goal was to make prototypes, compliant
lunar wheels that not only worked on flat ground but were able to negotiate obstacles
representing a more realistic lunar environment. We wanted to be able to hit and absorb the
energy of obstacles at speed while still maintaining a very high structural efficiency. A structural
efficiency being a high load support potential to wheel mass ratio.
David: As far as going beyond this project, are there any hopes that the technology will be
expanded into other things or is the agenda focused just to this project?
Bart: Right now the basic technologies that we are working on for lunar wheels are only targeted
towards lunar wheels. Sure, there are possibilities for technology spin-offs but that’s not a project
goal.
David: Do you normally collaborate externally on your design projects or do you tend to do most
of the work in-house? Is this specific project the exception to the rule?
Bart: We do most of the work in-house.
David: So this is the exception. What are your normal budgetary and resource constraints with
regards to prototyping? And how does that affect the way that you tend to prototype and do your
design work?
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Bart: We’re normally prototyping tires, which is a task we have the infrastructure available to do
very well. Of course it takes money to do so because we have to buy molds, make tires, and test
tires, etc. But everybody is used to that, we already know the model, we know how much it’s
going to cost, and we know almost what we’re going to get.
David: So the tires are well documented and you know what you’re getting into when you begin.
Now, with regard to Tweels, I imagine that is not the same case, you have to develop new
processes, etc…
Bart: No, it’s not the same case. We’re prototyping something we don’t necessarily have a market
for and something we don’t have an internal infrastructure developed for, it’s more difficult in
many ways.
David: Would you say your budget increases or decreases in that case? As a project it is more
development focused and you can’t be as certain of the market impact. Given that risk, would the
budget and resources be more constrained?
Bart: I’d say the budget is more strained. What it means practically, is that it’s harder to get
money because you can’t show up front that there’s any pot of gold at the end of the rainbow. It
has to be viewed as higher risk and thus you’re going to be more cautious.
David: What role does prototyping play in your design method and what design tools do you
deploy in making pneumatic tires or Tweels?
Bart: Well it’s a completely different completely different process. In making Tweels, we first do
some virtual prototyping and do some FEA. The FEA includes in-house code as well as ABAQUS
commercial software. We try to do as much optimization as we can in terms of software before
we build physical prototypes. We gain a lot in physical prototyping. For example, the wheelchair
Tweels help us learn a good deal about what did and didn’t work. Then by solving those problems
we were better prepared to develop larger and more expensive prototypes. The methods that we
used for manufacturing the physical prototypes were quite varied and used our internal
manufacturing capabilities for part of the structure and external capabilities for other components.
David: Would you say your projects use collaborative methods within the group such as
brainstorming or design bookkeeping methods? FMEA and morphological charts are examples of
the types of things I’m looking for.
Bart: We do use FMEA and we have used brainstorming, that’s true, I would say that we use
them.
David: What benefits does prototyping offer your projects? How does it affect the outcome?
Bart: I don’t understand what you mean. You have to have prototypes to have an outcome.
David: But does it necessarily help you achieve your outcome?
Bart: If my goal is to put Tweels on the market, I’ve got to prototype in order to test them out. It’s
not an option of whether you’re going to use physical prototypes or not. It’s just part of the
process.
David: What part of the process is it to you? For example, at Clemson we use prototyping for all
sorts of little things. We’ll have a question and we’ll build a prototype to answer that question.
We’re not necessarily working towards a final product. Obviously, in your market you are working
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towards that final product and you’re going to prototype to validate all the concepts in your
design. However, do you also use it for intermediary project needs? Here at Clemson designing
the original Tweel concepts we used small representative shear band elements to approximate
the behavior system as a whole. Those proof-of-concept or component level prototypes help us
learn a great deal.
Bart: Well, I guess it depends on what you mean by prototyping? We make samples, little coupon
sized samples of urethanes and then test the dynamic properties. We do the same thing for
rubber; we test the fatigue properties of these little samples. I don’t call that prototype testing, I
call that material testing. All other prototype testing that we have done on Tweels is by making
Tweels, prototyping Tweels. We make system level physical prototypes.
David: But before that you’ll do virtual prototyping and analysis?
Bart: Right.
David: For this lunar Tweel project, how many people were working on the project at CDM and
Michelin? Also, about how much time did they commit to it?
Bart: The manufacturing of the glass composite components and the composite lunar wheel was
carried out by 7 people, which includes me and the design team at CDM. They didn’t all work full
time but they worked hundreds of hours putting together these prototypes.
David: Those hundreds of hours include design, manufacturing, and build?
Bart: Yes, design and manufacturing, which essentially defines prototyping.
David: How would you divide that time spent between manufacturing and design? What’s the
ratio?
Bart: 20/80, it was a very labor intensive process, but it’s not just labor intensive. It’s also time
intensive in replicating all the parts, making the mandrels, and assembling the elementary
components.
David: Well, relatively how much money has been invested in the series of composite wheels?
Bart: Hundreds of thousands of dollars.
David: Based on your past experience with Tweel related and other projects, is that more or less
than normal?
Bart: I’m currently involved in a project that’s completely tire related, one of those projects in
which I’m involved has a core-design team of 6 people working 60% of their time and we’re
making and testing hundreds of tires to develop the next-generation of all-season tires. Selling allseason tires in North America is a billion dollar industry for our company, so we’re spending
millions of dollars in this project because we know what the product is and what the benefits are.
We have to do that to keep on selling tires and making better tires. If I take this project and
compare it to that project, of course the expense is much smaller. In terms of other pure-concept
projects which don’t necessarily have a well-defined market entry point this is along par with that.
David: So it’s about the same for other similar projects.
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Bart: Yeah, it’s about the same. We’ve got a project we’re spending a couple of 100k on which
could be just completely pie in the sky, but it could happen.
David: What expertise were available to you at CDM?
Bart: We’ve got a Ph.D involved who has patented many composite materials, methods of
productions, and worked on structures of reinforcements. Then we’ve got another Ph.D in physics
that is extremely talented across a broad-range of engineering. Those guys are the motors. Then
we’ve got another group of people who are very capable machinists and they’re also skilled in
terms of practical technician work like putting together very complex structures in a precise
manner. That’s what makes it happen and they’ve got resources available to do it.
David: Up to this point, how successful has this project been?
Bart: We’ll know a lot more in the next 2 or 3 weeks. I think it’s been successful. We have
significantly moved along the path that we wanted to take 2 years ago. In fact, we’re preparing a
press release right now which will be on an international scale. The project has been definitely
successful and this press release we have planned for the end of the month regarding the testing
in Hawaii is an indication of that.
David: How did collaboration with other institutions change the design process and experience for
you?
Bart: It brought online resource expertise for the rest of the process. If we’d remained focused at
Clemson, as we were developing the initial concept, you just wouldn’t have it. Imagine if Clemson
was trying to make 4 or 6 wheels, you’ve made just the one that we’re going to test for rolling
resistance. You know how hard that was? What do you think would have happened if you had to
make up to 6 of them? You couldn’t do it. Plus, we don’t even know how that thing is going to
work yet. Adding CDM has given us a much greater chance of long-term success due to their
resources. That part is great, and the other benefit is that we can now divide our effort more
readily. For example, Clemson has been freed up to work with Milliken and do something no one
else is equipped to do, which is develop the tread materials and test the Tweels in rough terrain..
We don’t consider these things to be our core-competencies and as a focused industry we’re not
interested in developing them. Clemson has the flexibility and capability to fill in the research
gaps but has limited resources which can be a constraint in how far they can develop a concept.
David: So the expanded collaboration has added new and better skill sets while freeing up others
to develop competencies that we didn’t have before. Additionally, we’ve brought on groups like
CDM and Milliken which have competencies that would be extremely difficult for anyone to
develop.
Bart: All that’s good, and what it’s done for me personally is that it’s made my job more political
and administrative in nature. I have to try to keep everybody agreeing on what we’re doing in
situations where I don’t have direct authority. That’s not pleasing but that’s the way it has
developed.
David: Which partner would you say has been more influential up this point in the design
process?
Bart: I’m going to have to say that changes at any given point in time. In the beginning of the
project, if you start back in 2005, the only option in terms of design was the Michelin Terrestrial
Tweel. All the design work and intellectual property resided in Michelin North America. If you
move forward in time, we sell that product to JPL and they liked the prototypes. They like the

250

concept and want to develop it for lunar use where you can’t use rubber, which fundamentally
changes the basis of the design. Michelin has some ideas on how to do that, but we decided to
give the problem to Clemson Senior Design Students and see what they can come up with
because it was a high risk endeavor and they could potentially provide proof-of-concepts at low
cost. At that point in the project the single largest contributor of ideas was Clemson University.
Then if you move further down the timeline into 2007 that’s when CDM came online and we had
an influx of new technology including the composite material, the way in which these materials
are joined together, and how they are prototyped. From that time on the CDM compliant lunar
wheel has been the only game in town due to their unique capabilities and ingenuity. They’ve had
a huge amount of input and effect on the design. The design essentially takes one element of the
Clemson cylinders and adds all kinds of stuff to it. In some respects it still bears that
resemblance, but in others it’s very different. Now what I believe is going to happen is that the
CDM compliant lunar wheel is going to begin to stabilize because it works. If it does everything
functionally that the structure does then it doesn’t need any more significant changes. Then we’re
going to have to develop tread that wears slowly and develops high traction forces in simulated
lunar environments. At that point, Milliken and Clemson become the partners that test and
develop those parts of the design and they will be the biggest contributors to the project.
David: So, in your opinion of the collaboration between these different organizations, has the
collaboration made the project more difficult in any way?
Bart: Sure it makes it hugely more difficult.
David: How would you describe that?
Bart: Well, the project is transoceanic across 9 time zones with CDM in Europe and JPL in
California. That makes it difficult because the goals and competencies of the organizations are
very different. For example, Clemson as an institute educates people, you don’t build things you
give people degrees. As a core deliverable you don’t prototype things, but in the process of being
educated students can do that. Which means, right then, there’s a difference. I’m having to work
with people and try to educate them on how important it is to recognize the design load before
you go designing a merry-go-round. So that’s part of what I accept doing in terms of working with
students. I wouldn’t expect that at all in working with CDM. They’ve been through school and
they’re professionals. What I would expect from them is that they are very sensitive about getting
credit for what they do and about making sure the intellectual property is controlled. They don’t
understand when money gets spent and we don’t get the results they expected. Then JPL, at the
end of the day, they want something that works on their rover. They tend to see the tire as a
component of the rover and they’re not sure exactly what they want because they don’t know
exactly what they’re going to make. They’re also a government entity and they don’t know what
money they are going to have because they live and die by what they are appropriated. That’s
very different from working with Honda or Toyota where you know how much you have; it’s much
better defined in those cases. Everybody is different. Then my company, MARC, doesn’t want me
to spend any of my time on the project because I’m more valuable to them putting my time into
pneumatic tires. We’re just not sure how this project is going to come to fruition, but the basic
thing that they are looking for is publicity. It’s just an extremely varied environment when you’re
working with lots of different organizations. People have different wants and expectations. The
organizations have different goals and that’s what’s difficult about dealing with them all.
David: Also, how about the communications problems such as JPL giving everyone outdated
specs, figuring out what those specs mean, mixing up units between metric and imperial,
determining if someone is referring to lunar gravity or earth gravity in force calculations?
Bart: Yes all of those things are contributors to miscommunications.
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David: As far as the collaboration model which has been used here, you’re the liaison between
everyone, Clemson, JPL, and CDM. You’re the centerpiece and communicate with all the
organizations. From your perspective, what were the shortcomings of the collaboration model
we’ve used and how would you improve that?
Bart: One of the shortcomings is that my collaboration with CDM is based mostly on personal
relationships and friendship with Jean-Paul and Antonio. I can’t necessarily see how it would
have been improved aside from factors outside of my control. If a top manager in Michelin, for
example, were to come in and say this is how I want it to work and for him to impose a particular
structure and method of working. That might have been an improvement, but I can’t say that
because it never happened and it would be conjecture. On the other hand, it might be improved
because there was some animosity created early in the relationship between Clemson and CDM.
Josh made a presentation that showed the CDM Tweel had failed testing in the mars yard. We
hadn’t seen a copy of the presentation and it was a complete surprise to us when it was made in
front of several hundred people. So we all see pictures of the wheel having failed and FEA
analyses are shown that make it seem like Clemson is predicting the failures. Whereas that was
misrepresentative, everything was done afterwards. Even before then CDM knew it would fail if it
was loaded with too much force. From that point on, CDM was predisposed to distrust Clemson.
One of the things that could have helped with collaboration would have been for that not to have
happened.
David: That was one of those things that resulted from a miscommunication?
Bart: It means that when you’re collaborating together, you’d better run things by the other
organizations before you show it to the outside world. That presentation was shown to people that
had no connection to us. There were people that work at Michelin and people at schools, several
hundred people. To show that kind of spin on it when it was not first looked at and approved by
the other members, particularly the people that designed that wheel, made things difficult for
years to come. We still have difficulties with that now and I have to try to manage CDM’s
perspective of Clemson which still, in part, finds its roots in that original experience.
David: Alright, that’s about it. Thank you very much.
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Appendix B.4 Beshoy Morkos
David: In your own words, could you describe the typical projects you’ve worked on?
Beshoy: Certainly, most of my projects have been focused on concept development; they tend to
be very abstract and are normally at the proof of concept level. Outside of the NASA cryogenic
tester project I haven’t had worked on anything detailed that had to be fully functional within its
environment and meet the design requirements. Everything had essentially been for proof of
concept and of low-fidelity.
David: Could you give some specifics on what projects you’ve worked on at BMW?
Beshoy: I worked on a low-fidelity Microsoft Surface project to essentially prove that the system
could be put in place at automotive dealerships. We just needed to showcase its potential abilities
such as configuring a car, where it’s much more engaging and interactive than doing it with a
checklist. Then we asked ourselves questions like: can we do all of our e-tasking on there, or all
of our signing and eliminate the paper process? Additionally at BMW, we also wanted to develop
a mobile device for capturing vehicle information. For example, if I wanted to capture vehicle
mileage, data, or any visual aspects such as dents or scratches in the car, we wanted to know if
we could use a mobile device to do this like a UMPC (ultra-mobile personal computer). As far as
my personal goals, I’m interested in defining whether we can accomplish a task with certain
technology.
David: So it’s more of a technology evaluation project?
Beshoy: Yes, and most of it is technology driven as opposed to market driven.
David: When we were given the lunar wheel project, what was your perception of the general
design goals? What were we as students expected to accomplish?
Beshoy: Initially or later on as the project progressed?
David: Let’s talk about them as they were at the end of the project because we’ll talk about the
progression later.
Beshoy: By the time the project finished I believe they essentially wanted a concept that they
believed could be taken a step further to test more thoroughly and evaluate the feasibility. Again, I
don’t think it had to be something that worked or that even had to be proved to work. Then,
because we knew some of our concepts were very difficult to analyze, it was easier to build a
representation of our ideas than to analyze them and present the results. This also had the
impact of better imparting the concepts to the customers. So we saw our project as a stepping
stone for them to take further. We were more concerned developing different concepts and
finding new domains you could reach into in order to create a wheel. It wasn’t so much to have a
design set in stone, and say that this works and we’ve tested it in every possible manner. It was
more of, can we give them these different creative ideas that maybe they haven’t come upon
before and maybe they can take it a bit further.
David: So in your opinion, the requirements they gave you and what we were told initially wasn’t
really that much of an issue. It wasn’t what they were actually seeking?
Beshoy: It changed so much later on, a lot of the requirements, like the temperature, ended up
having essentially no effect on the design. It’s more like it became a material constraint in that we
couldn’t use visco-elastic materials. It was more like, this is a concept and we haven’t finalized
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the material so it doesn’t really matter. So a lot of those requirements slowly changed over time
because it became so conceptual that a lot of times you couldn’t specify a value or a metric
deriving from your requirements. For example, I couldn’t really put a value on our constant and
o
say this can withstand up to 500 C. I couldn’t have put a value because we hadn’t selected a
material. So a lot of those things just went out the window. As we progressed we realized a lot of
these requirements couldn’t be analyzed or evaluated until we figured out the details.
David: Within the constraints you were given such as time and restricted budget, you couldn’t do
much outside the conceptual level?
Beshoy: Yeah, essentially make it round, and then based on the material you use and how you
interface, those were essentially going to regulate whether you passed or failed your
“requirements”.
David: Right, so it was more that you couldn’t use polyurethane so you’re going to use metal
because metal can be manipulated in a way that’s representative of most materials this thing will
likely be constructed from once the design would progress into a detailed phase? So you worked
within the constraints that didn’t allow the use of polyurethane, but beyond that we’re not going to
focus on details?
Beshoy: Yeah, and if you look at the final concepts I don’t believe they were ever intended to
work. I mean some of them were made out of plastic. It was being done to demonstrate how it
could function without using structures instead of visco-elastic materials.
David: You normally collaborate either with the university or industry in all of your projects.
Please, give me an idea of your relationship with your collaborators in the various projects you’ve
worked on?
Beshoy: How frequently we communicated can be used as a metric in this case. If you’re looking
for a comparison between industry and research, in research frequency of communication was
minimal, you were given some requirements and if you’re told to develop a concept those
requirements are mostly jettisoned because they can not be evaluated at the level of ambiguity in
which you’re working. Most of the requirements are binary and you either keep them or you didn’t,
and even if you retain some requirements chances are they won’t be useful until you have more
detail oriented information. In research, many of the projects were conceptual and it was like the
requirements weren’t really needed.
David: So collaboration wasn’t really needed after the initial assignment?
Beshoy: Other than the initial set of requirements which you would eventually trim down. After
that initial meeting, there was very little work done with our collaborators as they were more
focused on the final design. They’re not so concerned with the progress, just the results. They
essentially just wanted to make sure you knew what you needed to do, how you needed to get
there, and that at the end of the timeline you were where you needed to be.
David: Now that you’re working in industry how has that collaborative relationship changed?
Beshoy: The relationships changed because your client plays a more vital role in the project,
whether it succeeds or not. Now they feel it is as heavily important to them as it is to you, so they
need to ensure that they play a larger role. They’re always asking “what’s your current status?”
and as they get new information they try to pass that along to the design team. You’re meeting at
least once a week and discussing the project with them for 30 minutes to an hour.
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David: So there’s more information, communication, and you’d probably say accountability?
Beshoy: Absolutely.
David: What are you accustomed to, within your various experiences, regarding budgetary and
resource constraints?
Beshoy: Resource constraints can be in terms of man-hours, you just don’t have enough manhours, hard-labor or design time whatever it may be. It can also be constrained in terms of
knowledge given and information available; the design could be outside your knowledge domain
and it’s better to have an expert or at least someone familiar with the subject. In terms of
resources the major resource is people working on the project. In project constraints it would be
location and facilities. With the cryogenic test apparatus, working in the office wasn’t necessarily
the best place to be doing all of our testing. Working on the BMW LED project we didn’t have a
completely dark room. So when we were testing our LEDs we didn’t know if we could take the
data or that it was valid because the room wasn’t dark. Definitely with regards to project
constraints it is more facility oriented.
David: How about budgetary constraints?
Beshoy: Budget wasn’t a big deal because we always planned ahead and were very effective at
scaling things down to get the data we needed. If we could get away with it we would always
scale down, so we could scale the design to the budget and still be able to effectively get the data
we were after.
David: That would be scaling down your prototyping methods?
Beshoy: Yes.
David: In your experience, how has prototyping played into your design methods and what design
tools have you employed or utilized? Let’s go with the former first.
Beshoy: Essentially any time we needed to validate our ideas, we used prototypes or mock-ups
on several occasions for experimental purposes. You can’t do a lot of the work analytically; it’s
difficult to get virtual prototypes that tell you everything you need to know. Especially with
complex systems an analytical model would not necessarily be effective; this is most true early in
the process. You use a prototype made from silly puddy or whatever is available and try to get
relevant experimental data and experience. Also you can showcase your concept outside of a
virtual prototype or sketch and that way you can see and demonstrate hands-on. Finally, you can
also identify any problems you wouldn’t normally identify through virtual prototypes. With the
Tweels this effect was most prevalent regarding the interfacing of different components. You
assume everything fits perfectly but when you build it you realize all these problems that weren’t
apparent in the idealized virtual model.
David: So you can’t model the black box system perfectly, that leads into another question. To
you, what are the benefits of prototyping?
Beshoy: One of the benefits of prototyping is essentially the ability to showcase your prototype.
There’s nothing analytical that comes out of that, it just shows what’s happened so far and how
you’ve progressed; it’s a good indicator and it’s a good vessel to demonstrate the knowledge
you’ve gained, the data you have, and the requirements you’ve gathered. It shows that you can
translate all of that into a concept. It’s a powerful demonstration tool for customers or if you’re
trying to seek more funding. It shows how well you know what’s going on and what kind of grasp
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you have of the problem and a possible solution. It also lets you identify any problems that you
normally wouldn’t have encountered if you hadn’t prototyped.
David: So it’s able to show your competency, the competency of your design, and reveal things
you didn’t necessarily know before. Also, how integral is prototyping to your design method?
Beshoy: I’ve never been on a project where prototyping has not been extremely important.
David: Ok, it has been important, what roles has it played?
Beshoy: It’s very much needed, unless time constraints are really heavy and your prototype is
your final design, normally you try to incorporate as much prototyping as possible. If you can’t do
prototypes you want to do mock-ups. You somehow need get the representation of your concept
outside of a virtual model or sketch. Otherwise, no matter how good your models are there’s
always some degree of uncertainty.
David: So to you that is the ultimate expression of the work you’ve been doing? It validates
something else up to that point in a way that is more certain and reliable?
Beshoy: Yes.
David: How do you use prototyping in conjunction with other design tools and what does it
contribute and not contribute?
Beshoy: Number one: prototypes contribute to the requirements, there are some requirements I
didn’t realize were inherent in the system until I started prototyping, I’ll have to go back and
modify my requirements accordingly. Number two: they are useful for decision matrices. For
example, in many design problems assembly has been a big issue and we want to know if
assembly is a problem, prototyping always helps solve that. Also, several times prototyping was
used to evaluate designs for various criteria within the requirements like aesthetics or assembly.
Prototyping is just needed to discover and evaluate your requirements. Prototyping is very useful
when you’re trying to develop or select a concept or a decision matrix.
David: So in your mind the primary importance lies in concept development and selection with
regards to evaluating and discovering requirements?
Beshoy: For the most part yes. Especially when validations that are required can only be
evaluated through prototyping.
David: Have you ever not used prototyping at a time when you wished you had?
Beshoy: I think I have. For example, when you assume a system is going to behave in a certain
matter and it turns out not to be the case. Thinking again I definitely have. Sometimes you
consider a sub-system a black box and then you realize later down the line that certain subsystems influence others and you didn’t make that consideration before.
David: But given the fact that building the prototype is going to take a lot of extra time, was it
really that bad that you didn’t do it early and did it later? I mean it could have been better that you
did it later rather than earlier.
Beshoy: In our case it wasn’t ever bad because we had the competency within the group to fix
whichever issues we ran into. If you’re talking about much larger and more complex designs, it
would definitely be a good idea. Because if you run into something later along the line, it would
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have been much easier to fix it earlier in those cases if you’d prototyped. It’s one of those “if” kind
of answers. You know in simple designs you can get away with a lot.
David: Have you ever used prototyping and then found out that it was superfluous?
Beshoy: For initial intents yes, if we wanted to use it to prove that we are analyzing something
correctly. So many times we were confident in our calculations and analysis. We used prototyping
to prove that we were on the same page and we were actually correct. The prototyping actually
proved that we were right and you feel, wow a prototype wasn’t really needed after all. But at the
end of the day, it will always be a contribution. In addition to validating your analysis, it can be a
visual tool for clients or users. So you can never say a prototype wasn’t useful.
David: So even if it doesn’t serve its original purpose, it’s going to have some use down the line. If
only to show that you’re making progress.
Beshoy: Not so much even down the line. At that immediate time it’s always contributing, in some
way even if just validating, to the knowledge of the design. It’s a good representation of how
knowledgeable you are about whatever problem.
David: So would you say a prototype is synonymous with progress? Based on what you’re saying
a prototype or physical representation is synonymous with some sort of progress towards your
end goals.
Beshoy: Definitely.
David: With regards to the Tweel project, what aspects of that were you involved with? What did
you build or design?
Beshoy: I was involved with building one of the Tweels during the ME402 project. First a version
of the cylinder design and then later on the tank tread design. I also worked on the cryogenic-test
apparatus for testing the Tweels at low temperature quasi-static loading scenarios.
David: How many people were working on the projects?
Beshoy: There were five people on the original ME402 team, with one graduate student who was
there to guide and help us. He also brought skills to our group like FEA analysis that weren’t
necessarily available to the other groups. On the test apparatus I worked with two other people
for 2 to 3 months.
David: What percentage of the effort for the ME402 prototype was design and how much was
manufacturing? Design can include all the analysis.
Beshoy: I would say 70/30 or 80/20 between designing and producing for those Tweels.
David: What percentage of the cryogenic test device was design and manufacturing?
Beshoy: I would say 60/40, design and manufacturing respectively.
David: Summers actually said 50/50 so you guys were dead on there.
Beshoy: I was actually going to say 50/50 but I think we were a bit frontloaded. Nevermind, it
would just have been me talking about what should have been done. It should have been 40/60
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but we were crunched for time and some internal conflict prevented us from starting the build,
which is what we really needed to do.
David: What design tools did you guys use for the cryogenic test apparatus?
Beshoy: A Decision matrix and a requirements list which we developed, that is all we used due to
the contracted design phase.
David: So you generated some concepts using brainstorming or some other ideation procedure.
Beshoy: Yeah.
David: Now going back to the Tweel, what design tools were employed for that design project?
Beshoy: Brainstorming, gallery method, morphological charts, GANTT charts, decision matrices.
Decision matrices are constant development tools. We also had a QFD and a function structure.
David: So would you say you used all of those tools because of pressure due to the project being
part of a class?
Beshoy: Yes, a big part of it was pressure. Some of them were useful, we had an FMEA and
those are always useful, especially once you start getting deeper into a concept.
David: What type of information would you say you normally gain from prototyping?
Beshoy: Essentially information that validates our assumptions and calculations. Also, anything
we didn’t perceive initially when we were designing the concept, that kind of information.
David: Relatively how much, both time and money, was invested in your original Tweel and in the
cryogenic test apparatus?
Beshoy: Tweel: 5 months and $1200; Cryogenic Cell: 3 months and $3500.
David: Based on your experience, how did those resources compare?
Beshoy: They were fairly small projects in terms of resources. At BMW the projects were more
about technology push and those translate into much more money, and that’s just in technology
costs alone.
David: That’s just the cost of doing business within the field of technology development and
implementation?
Beshoy: Yes, and when you deal with projects like ours there isn’t really any prototyping cost. It’s
all infrastructure cost and paying people to work on the development.
David: Alright, now we’ll focus on the Tweel project. That $1200 for the Tweel and $3500 for the
cryogenic tester, how was that money allocated?
Beshoy: I would say on the Tweel, 15% was used for testing devices, 20% was used for the final
concept prototypes, and then 65% was used for prototyping and proof of concepts. For the
cryogenic tester, 5% was used for testing and developing test apparatuses/mock-ups and the
remainder was the final product. There wasn’t really any real prototyping in that one; most of our
development involved virtual prototyping.
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David: For the Tweel development project, what types of expertise and analysis tools were
available to you throughout the efforts?
Beshoy: We had FEA and engineering expertise. Engineering expertise in a generic sense
includes mechanics, structures, design methods, and failure minimization. The design method
expertise was accredited to our graduate student design coach along with the FEA expertise.
David: So you had FEA for the original Tweel project through your graduate student?
Beshoy: Yes.
David: Internally, within both these design groups we’ve been discussing, how close would you
say your collaboration method was? How close did you work with your teammates?
Beshoy: Very closely, I’d say 75% of the work we did was together.
David: How successful would you say the Tweel and cryogenic tester have been?
Beshoy: If I were to grade them I would give the Tweel a 75 and the test apparatus got a 95.
David: You would say the test apparatus was more successful?
Beshoy: Much more successful, it was designed to function and we were actually able to collect
data. You can’t say that about the Tweel because we didn’t have a functioning final product.
David: Did they eventually test using the cryo-chamber?
o

Beshoy: Yes, we were eventually able to accomplish the goals and it hasn’t failed yet. At 40 C
there were some problems with the heat exchanger, but otherwise it’s worked very well.
David: So the functioning final product alone means that the cryogenic tester was a more
successful project? Once again prototyping is analogous to success?
Beshoy: Yes, definitely.
David: Which Tweel did your group work with?
Beshoy: We did the first cylindrical Tweel prototype and then moved on to the tank-tread design.
We presented the cylindrical design at our mid-term design review but were encouraged to
pursue the tank-tread.
David: Between, Michelin, JPL, and Clemson in the Tweel project. Who was the most influential
in your opinion and based on your experience?
Beshoy: Clemson was the most influential because we collaborated between everyone. NASA
themselves had very little input because they didn’t provide anything other than the initial project
and specification information.
David: So in your mind Clemson did all the research, development, and prototyping, so they are
the most influential at that stage?
Beshoy: Absolutely.
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David: Do you have enough information to judge who is the most influential now? During your
experience with the cryogenic test apparatus, who would you say has become most influential?
Beshoy: I would definitely say that NASA’s and Michelin’s role and input have increased. I would
say Clemson now has a 40% role and JPL/Michelin about 30% each. Now with the test apparatus
they are seeing direct benefits and therefore they want to see their input put into place. Once
functioning the cryogenic tester would be as valuable to them as to us.
David: So in your mind Clemson’s role has changed?
Beshoy: Yes, as we progress further I think JPL/Michelin have a greater grasp on the design.
David: And in your opinion why is that the case?
Beshoy: As we get more detailed they have the detailed information needed to continue. During
the more conceptual phase, there was no influence from them because they just wanted to see a
design. However, when they need a more detailed design, they want to make sure they have an
influence on it because such detailed information is of higher value to them than the conceptual
designs. The detailed design has higher value whereas the concept does not. The detailed
design shows that you’re making progress more apparently applicable to the problem
David: So as the project progresses and the design becomes more detailed, and perhaps more
expensive, Clemson tends to take a backseat role due to their lack of resources and highly
specialized expertise in critical areas such as machining. Whereas companies like Michelin, who
have the resources available and more specialized expertise, can take over. Then Clemson takes
over other roles such as cheaply developing test equipment.
Beshoy: Yeah, in a nutshell, the decisions that are made in the detailed design have a greater
influence on NASA and Michelin and as a result they have to play a bigger role.
David: In your mind, how successful has the collaboration been in the Tweel project between
JPL, Michelin, and Clemson?
Beshoy: There was little collaboration besides the results, so because there was so little
collaboration I would say it was successful in collaborating minimally. There wasn’t much
collaboration because in the beginning they were more spectators. The decisions we made
conceptually did not have a major influence on them.
David: But initially JPL had the specification, Michelin had the basic concept, and Clemson was
expected to work with these?
Beshoy: Yes, but they weren’t providing virtually anything else to us at all. In my mind, that
inhibited us a bit. We kind of floundered around, we didn’t know what we were doing, and didn’t
make good use of our time because we didn’t have valuable information available to us. Initially of
course you’re not going to make good decisions. They were more critics of our prototypes. In the
beginning there was a huge learning curve because they weren’t collaborating with us. However,
in the end it was actually beneficial because you didn’t have these constraints that were put into
place because of the preferences of NASA or Michelin. You essentially designed what you
wanted to design.
David: So in your opinion the lack of communication resulted in a beneficial situation for the
concept development because the design teams were less inhibited?
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Beshoy: Yeah, from the beginning it caused a large learning curve and that time wasn’t used
effectively as a result, but at the end, because we had progressed, that lack of collaboration really
aided our creativity.
David: Knowing that, how would you have improved the collaboration model between those 3
organizations? What was the thing that wasn’t done that you wished was done, or maybe 2 or 3
things.
Beshoy: Maybe probably have a little more collaboration at the end, as we started gaining a
greater understanding. Well, also at the beginning in order to get us up to speed faster. Giving us
an idea of what we needed to accomplish and minimizing that learning curve would have
jumpstarted our progress. At the end it would have been helpful because by then we had enough
knowledge and so many ideas, but we needed a better idea of the feasibility of our concepts
because creativity has to stop at some point. What we had could have been reasonable or not
depending on the design goals. In the middle collaboration wasn’t really needed because we
were doing our design work and needed some freedom. At the end I think we would have been
more effective and would have come up with more reasonable designs.
David: So you think more injection of information at appropriate times but you liked the freedom in
the middle to run with your creative.
Beshoy: Exactly.
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Appendix B.5 Samantha Thoe
David: In your own words what type of projects have you worked on in the past?
Samantha: Basically it’s just been the Tweel project here at Clemson with Dr. Summers. When I
first started here I did some pressure testing on Tweels determining how the pressure was
distributed over the contact patch. Now it’s more or less creating a test device for the Tweel.
David: The pressure testing used what method?
Samantha: It was a testing method which relied on pressure-sensitive, color-changing paper.
David: For the pressure testing and the test device, what are your general goals, imperatives,
project requirements?
Samantha: To gather data, the requirement was to test the pressure distribution and see if having
breaks or failures in the Tweel affected up the contact pressure distribution.
David: With whom did you collaborate on those projects?
Samantha: Most of the work with the pressure testing was with Dr. Summers and Dr. Joseph.
With the test device most collaboration has been with the other students, graduate and
undergraduate, on the design team.
David: With some input from Michelin and JPL?
Samantha: Yes, of course.
David: So what budgetary constraints have you had?
Samantha: For the program I was with doing the pressure testing, the budget was approximately
$500. We used pre-existing Tweels so we didn’t have to sink that cost. The cost of the mini-goround was a couple of hundred dollars and the new merry-go-round we’re working on will cost
around $10-15k.
David: You also worked on the mini-go-round? When you were building that, what role was
prototyping playing, what was their a larger design method involved?
Samantha: The mini-go-round started as a prototype for the larger model, but it was eventually
decided to use it as a test device for tread material testing. Mostly focusing on wear
characteristics.
David: So you didn’t really use formalized design tools, you just had a design you were going for.
Now, building that prototype and now working on the larger prototype, what are your perceived
benefits of prototyping?
Samantha: Basically you can see things that you definitely need to alter or change for your final
design. What works and doesn’t, that kind of stuff. It definitely helps make sure you don’t make
stupid mistakes with bigger projects.
David: So the little things help you get by with the big things. How many people were working on
the mini-go-round and how long did it actually take?
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Samantha: The mini-go-round was assembled over the summer by Annie and I. The concept
development and such happened at the end of last semester with Kacy, 2 electrical engineers,
myself, Marisa, and Dr. Summers. So a total of 6 people were involved in the design of the minigo-round.
David: So how long did it take overall, both design and build?
Samantha: I would say about 1 semester and a month.
David: So what percentage of the design was manufacturing?
Samantha: Most of it was design, basically that entire semester was design; then the month over
the summer was building it. We ordered parts at the end of the semester. I would say the division
of effort was 80/20 for design/manufacturing.
David: When was the exact start of that project?
Samantha: It was the beginning of last spring semester and we delivered mid-way through the
summer?
David: So, other than just prototyping, what other design tools did you use?
Samantha: We used some ideation tools. Basically, we had our group split up and come up with 5
or 6 ideas each. Then we all got together and discussed them and picked the ones that were best
for the project.
David: Did you break it down functionally or use a morphological chart?
Samantha: We asked ourselves what were we looking for? We then broke down the design
based on the individual functions it had to perform; this is a functional breakdown. Then we rated
the design on how well it accomplished those functions using a standard 1, 3, 9 rating system.
This gave us a simplified design selection tool which we used to make our concept selection
decision.
David: What do you think you got out of the mini-go-round as far as data and knowledge? Take
your time.
Samantha: Data-wise I’m not really sure because after it was completed we gave the prototype to
the materials science department and let them conduct the testing on it.
David: What did you learn that you could take on to the next prototype?
Samantha: Basically having a bigger turntable to wheel ratio. The turntable on the mini-go-round
is 2 feet in diameter and the wheel is 6 inches in diameter. Having that kind of ratio makes the tire
wear unevenly, so that information needs to be applied in the larger version.
David: So in this case it changed your design requirements. Is there anything as far as design
criteria that you would change? Is there anything in building it that you learned which would
improve the criteria.
Samantha: A way to contain the device so that it doesn’t need to be monitored would be an
improvement. That proved to be a hassle after it was built. That would definitely be something to
improve upon as it reduces human involvement in the test.
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David: Anything else?
Samantha: Not that I can think of. I might ask for some elaboration later when I send you the
summary.
David: How did you invest your resources, like your money and your time? Most importantly, how
did you invest your money in the mini-go-round and the pressure test project?
Samantha: We did a couple of wear tests with the devices developed over the summer, but most
of the money was spent on manufacturing supplies.
David: What expertise and analysis tools were available to you throughout the effort?
Samantha: Definitely Jaret and the people at JPL with their unique knowledge were assets to us
when we could get in contact. There were also people like Dr. Summers with design experience.
Then, for me specifically, people like Kacy with more ME experience than me, even if it was
academic, were helpful when I was confronted with certain problems. Then the ECE group
members were more knowledgeable about the electrical components of the system. Marisa
brought knowledge of soil mechanics and testing to the group. Those are the expertise we had.
David: Any type of analysis, FEA or simplified analysis?
Samantha: We didn’t do any mathematical analysis of any sort. There wasn’t a whole lot of
analysis. It was more like a workshop project; maybe we could have even put it together in a
garage. We didn’t even think to overbuild to compensate. The ceramics department eventually
determined that it wasn’t strong enough to accomplish their goals so they rebuilt the wheel
support structure around our original turntable to better suite their needs. The original
construction held the wheel in place with wood and they didn’t believe it to be sturdy enough so
they just replaced it with a metallic four bar linkage. However, they didn’t do any analysis on it
either; they just overbuilt the structure to reduce the risk.
David: How did this experience differ from other projects you’ve worked on in the past?
Samantha: I felt this experience helped me learn more than I did in the past. I’d only done some
general engineering class projects solving simple problems. In those cases I was working with my
peers and in this case I was working with people more experience than me in a host of different
situations. I felt that I learned a lot more just by working in that environment. They were also
willing to take the time to teach me which helped me out. When working with peers they’re
normally too caught up in trying to learn the material themselves to be much help to each other
learning.
David: So it gave you a leg up and some insight into the future?
Samantha: Yes.
David: In your words, how successful would you rate your pressure testing project and the minigo-round? Why would you say they’re successful if they are?
Samantha: The pressure testing was fairly successful. We didn’t get to do as many tests as we
would have liked because we ran out of time and paper. It was fairly successful because it gave
us data that we critically needed at the time. The mini-go-round was successful because they are
using it and it works. They like how it works now even if they did originally have a few concerns.
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Given the time and money it has returned a lot of valuable data regarding our tread material
testing.
David: Was the pressure paper ever utilized beyond the initial testing or was it discarded after we
got the FEA models up and running to analytically capture that data?
Samantha: It has kind of been forgotten about because it wasn’t a practical way of testing after
we could do it analytically. However, now that we’ve done it we now have that knowledge
elsewhere and we can come back to it if necessary.
David: So collaborating with JPL and Michelin, how has that influenced what you’ve been doing?
Samantha: It kind of gives me an idea of what it’s like working with industry and doing research.
Of course, on campus if you’re working with people here, they’re always available to you. Most of
the time they know exactly what is going on because there is constant communication due to
proximity. Working with industry it’s much more involved and intricate, you can be waiting on one
person but they have to wait on another person before they can answer you. It can create a
cascade effect which slows down the flow of information.
David: Why do you think you’re doing all that waiting?
Samantha: I think a lot of it is because so many people are involved that it’s difficult to get
anything nailed down. There are lots of little things that can go wrong and the ripples affect other
people. This, in turn, creates even more complications. Then communication can breakdown and
it has many opportunities to do so, in which case the whole complex interconnected process can
be bottlenecked. It seems to happen too often.
David: So focusing on the full scale merry-go-round. Between JPL, Michelin, CDM, and Clemson,
who’s been the most influential in the project from your perspective? Mostly regarding what needs
to be done or built?
Samantha: I think NASA and Michelin are the most influential project-wise because they know
what they want and need. However, pertaining to me, the more experienced people who work
here are the most influential because they can have a much more direct influence.
David: What do you see your primary role as being? What does working here with the pressure
testing and the merry-go-round mean to you? What is your role to play? What’s your niche?
Samantha: I don’t know exactly, I’m here as an organizer for our small undergraduate group and I
do the little bits of research I can with what I know, but I can’t help too much with analysis
because I don’t have that knowledge yet. So my primary role is to be a student and do some
grunt work here and there along with some design. I’d like to learn everything that we’re doing so
being a student is most important to me, but I like being here especially for the design portion. I
enjoy it much more than the grunt work, but it’s all part of the process and I like to be part of it all
so I can take in all the details.
David: With regards to who you’ve been working with, who do you enjoy working with the most?
Who would you say is the most successful collaborator?
Samantha: I like working with graduate students the most because they can have the time to sit
down and explain stuff to you, whereas professors always seem to be more stressed for time.
Working with grad students though, they’ll take the time to sit down and explain stuff to you and
show you how to do it.
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David: How about the other undergraduates?
Samantha: They’re just as busy as the professors, if not more so, because they’re balancing
classes and freaking out about tests, whereas the graduate students are maybe mellowed out a
bit by now because they know what to expect. They take it more in stride and don’t seem to be as
bothered by those things. Working with the undergraduates is cool though because we all learn
the same stuff and it results in some peer reinforcement, but I don’t feel as though I learn as
much.
David: Between those different types of collaboration that we just talked about, what is the
biggest shortcoming in the collaborative process? Obviously it’s a bigger factor when we’re
talking about collaborating with other institutes as opposed with peers or professors here. For
example, if you need someone’s help or information, what is the biggest inhibiting factor to
accomplishing your goals here?
Samantha: Time. Trying to find time for research when homework, classes, projects, and
everything else the project is also competing for your time. Everybody’s got other stuff to do at the
same time and so making schedules work to collaborate is a huge challenge. It’s hard to find that
magic time where all the pieces can fall into place, and even if they do you can’t be certain that
some critical piece hasn’t fallen behind due to time constraints. So you get constrained in time
and it becomes very difficult trying to divide your attention between all those things, maintain a
level of efficiency in your various tasks, and to find times which allow for group decisions to be
made and information to be shared.
David: If you were to improve the way this project has been managed, how would you do that?
Granted you still have all the same limitations on your time and attention. You still have
collaborators that are divided by two continents and 9 time zones. Given all of that, what do you
think would be the best way to improve the way this project has been handled?
Samantha: I just don’t like that it’s so disorganized all the time. Granted, when we go to meetings
so long as there’s someone there that has an idea of the big picture it’s fairly productive, but there
should be someone there taking detailed minutes. So if someone doesn’t come with detailed
reports there should be some back up information or record of what has been presented.
David: What would you blame that lack of organization on?
Samantha: I think it’s the time, that people aren’t able to set up and properly organize their work,
research, or even the meetings. It’s like everyone is too stretched out to do it right.
David: That might related to the fact that Jaret has many more responsibilities, Bart only has 6
hours a week for this which he has to divide between us, JPL, and CDM, and Dr. Summers has 4
other projects. Everyone is all over the place. So it’s hard to get that time to overlap and you’d try
to get that to overlap, how would you try to do that?
Samantha: I don’t know exactly. You would probably have to give each person a designated thing
that they would need to get accomplished and make sure that they get it accomplished. Like we
have deadlines but we’ve come to expect being able to overrun those deadlines by a couple of
days. Well, if you’re waiting on someone else’s deadline to meet your deadline, everyone can get
pushed back. We need some better method of accountability to each other.
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